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LOW  TEMPERATURE  LUMINESCENCE  AND  PHOTOACOUSTIC 
SPECTROSCOPIES  OF  POLYNUCLEAR  AROMATIC  HYDROCARBONS 
AND  PHOTOACOUSTIC  DETECTION  SYSTEMS  DESIGN 

By 

Edward  Ping-Chi  Lai 
August,  1982 

Chairman:     James  D.  Winefordner 
Major  Department:  Chemistry 

A  simple  fluorimeter  assembled  from  commercial  compo- 
nents for  the  study  of  the  Shpol'skii  effect  on  polynuclear 
aromatic  hydrocarbons   (PAH)   in  n-alkane  matrices  at  77  K  is 
described.     The  correlation  between  the  dimensions  and  geom- 
etries of  PAH's  and  their  corresponding  Shpol'skii  solvents 
is  considered.     Analytical  figures  of  merit  have  been  eval- 
uated, and  the  direct  qualitative  and  quantitative  determi- 
nation of  11  PAH's  in  mixture  is  demonstrated.  Conventional 
phosphorescence  of  PAH's  in  Shpol'skii  matrices  at  77  K  is 
not  very  successful  because  of  the  weak  phosphorescences  of 
PAH's.     A  XeCl  excimer  laser  is  used  in  an  attempt  to  in- 
crease the  sensitivities,  but  the  limits  of  detection  (LOD) 
are  not  improved  owing  to  the  pulse-to-pulse  fluctuation 
noise. 
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Low- temperature  photoacoustic  spectroscopy   (LTPAS)  at 
77  K  in  Shpol'skii  matrices  is  investigated  as  a  complemen- 
tary technique  for  the  selective  determination  of  PAH's.  A 
tunable  dye-laser-excitation  double-beam  photoacoustic  spec- 
trometer is  set  up  with  gated  detection  electronics.     A  novel 
quartz  tube  sample  cell  and  attached  piezoelectric  (PZT) 
transducer  for  LTPAS  is  constructed.     In  Shpol'skii  matrices 
that  are  strongly  light-scattering,  sample  signals  with  suf- 
ficient signal-to-noise  ratios  are  obtained  at  concentra- 
tions of  tens  of  yg/ml,  but  the  resolution  is  poor  as  a  re- 
sult of  site-to-site  interaction  at  the  high  concentrations. 
Preliminary  results  of  LTPAS  of  PAH's  in  glassy  media,  using 
conventional  and  conduction  coolings,  are  presented.  Two 
new  conduction  coolers  are  described. 

A  simple,  corrosion-resistant  and  non- destructive  flow 
cell  optimized  for  laser-induced  photoacoustic  spectroscopic 
detection  of  HPLC  effluents  is  described.     The  characteris- 
tics of  the  flow  cell  are  presented.     Application  of  the 
flow  cell  to  the  detection  of  polynuclear  aromatic  hydrocar- 
bons in  HPLC  effluent  is  demonstrated. 

A  convenient,  corrosion-resistant  photoacoustic  probe 
for  spectroscopic  measurements  in  condensed  matter  is  de- 
scribed.    The  photoacoustic  spectrum  obtained  with  the  probe 
is  essentially  identical  with  the  spectra  obtained  with  a 
cuvette  cell/attached  PZT  disc  and  a  cylindrical  cell/at- 
tached PZT  tube  detection  system. 
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CHAPTER  I 

INTRODUCTION — POLYNUCLEAR  AROMATIC  HYDROCARBONS 


Polynuclear  aromatic  hydrocarbons   (PAH's)  have  long 
been  recognized  as  hazardous  environmental  chemicals.  Sev- 
eral members  of  this  class  of  compounds  show  considerable 
carcinogenic  activity   (e.g.   3 , 4-benzopyrene ,  5-methylchry- 
sene,  1 , 2-benzanthracene ,  1 , 2 ; 5 , 6-dibenzanthracene  and  9,10- 
dimethy 1-1 , 2-benzanthracene) .  Carcinogenic  activity  has  been 
found  mainly  in  certain  appropriately  substituted  tri-  and 
tetra-cyclic  aromatic  hydrocarbons  and  also  in  some  penta-, 
hexa-  and  higher  cyclic  ones   (1) .     The  carcinogenic  and  mu- 
tagenic properties  of  PAH's  vary  widely  with  isomeric  struc- 
ture  (both  geometrical  and  substitutional) ;  it  is  well  es- 
tablished, for  example,  that  of  the  two  isomeric  benzopy- 
renes ,  only  the  asymmetric  3 , 4-benzopyrene  shows  a  carcino- 
genic activity,  whereas  1, 2-benzopyrene  is  comparatively 
harmless   (2) .     Methyl  groups  in  favorable  positions  have  of- 
ten an  activating  influence  and  can  to  some  extent  replace 
benzene  rings;  anthanthrene  is  inactive,  but  its  6-methyl 
derivative  produced  one  tumour  in  14  mice  and  its  2,6-di- 
methyl  derivative  produced  4  tumours  in  14  mice   (1) . 

Polynuclear  aromatic  hydrocarbons  are  generated  mainly 
by  incomplete  combustion  processes,  which  occur  wherever 
wood,  coal,  oil,  fossil  fuels   (3),  cigarette  or 


marijuana  (4-6)   is  burned,  and  are  adhered  to  dust  particles. 
They  have  been  detected  in  air,  water,  soil  and  sediments, 
and  food.     In  1971,  the  World  Health  Organization  set  an  up- 
per limit  of  200  ng/1  for  the  total  concentration  of  6  PAH's 
in  domestic  waters   (7).     In  1976,  the  U.S.  Environmental  Pro- 
tection Agency  drew  up  a  list  of  organic  compound  priority 
pollutants,  including  many  PAH's,  to  be  monitored  and  lim- 
ited in  effluent  waters  in  the  United  States   (8) .  Since 
then,  much  effort  has  been  exerted  in  sensitive  and  selec- 
tive analytical  methods  for  the  identification  and  determi- 
nation of  parent  PAH's  and  their  derivatives,  and  their  iso- 
mers.    Efforts  in  PAH  analysis  in  biological  samples  and  the 
environment  are  made  in  the  hope  of  assisting  in  the  under- 
standing of  the  molecular  mechanism  of  carcinogenesis,  the 
diagnosis  and  prognosis  of  cancers,  and  the  development  of 
preventive  measures.     Moreover,  analysis  of  individual  con- 
stituents rather  than  unresolved  mixtures  improves  our  abil- 
ity to  describe  the  sources  and  the  fates  of  these  chemicals 
in  the  environment  and  living  organisms . 

Analytical  methods  for  PAH's  are  basically  three-step 
procedures:      (a)   extraction,  isolation  and  pre-concentration 
of  the  PAH's  from  the  sample  matrix,    (b)   separation  of  the 
PAH  mixture  into  subgroups  or  individual  constituents,  and 
(c)   characterization  of  these  subgroups  or  compounds  (iden- 
tification and  quantitative  determination) .     Gas  chromatog- 
raphy  (9)   and  high-performance  liquid  chromatography  (HPLC) 
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(10)  have  been  serving  as  two  of  the  most  widely  used  separa- 
tion techniques  for  PAH  sample  mixtures  prior  to  analysis 
by  other  methods.     Gas  chromatography,  in  combination  with 
mass  spectrometry  or  Fourier  transform  infrared  spectrometry 
(FTIR)  as  the  detection  system,  is  highly  efficient  in  the 
resolution  and  identification  of  volatile  and  thermally  sta- 
ble PAH's.     On  the  other  hand,  HPLC  offers  the  advantage 
that  non-volatile,  thermally  labile  molecules,  such  as  many 
of  the  4-  to  6-  f used-ring  PAH's  suspected  of  mutagenic  or 
carcinogenic  activity,  can  be  readily  analyzed  without  deriv- 
atization.     Also,  because  of  the  use  of  ultraviolet  (UV)  ab- 
sorbance  or  fluorescence  detector   (11) ,  the  samples  are  not 
destroyed  and  fractions  can  be  collected  for  further  analy- 
sis . 

Analytical  chemists  have  been  looking  for  ways  to  im- 
prove the  selectivities  of  the  spectrometric  techniques  to 
reduce  the  amount  of  time  and  effort  that  must  be  spent  to 
detect,  identify  and  measure  substances  at  parts-per-billion 
and  even  parts-per-trillion  levels  in  complex  organic  mix- 
tures  (like  coal  liquids  or  biological  fluids) .     Some  of  the 
methods  combine  the  high  separation  efficiency  of  gas  or 
liquid  chromatography  with  the  high  sensitivity  of  mass 
spectrometry,  1H-NMR  and  FTIR,  or  combine  two  to  several 
mass  spectrometers  in  tandem.     These  combinations  are  use- 
ful both  for  total  characterization  of  a  sample  mixture  and 
for  multicomponent  analyses  of  a  few  specific  components  in 
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a  mixture.     For  the  analysis  of  complex  mixtures  of  polynu- 
clear  aromatic  hydrocarbons   (PAH) ,  however,  low  temperature 
spectrometric  methods  such  as  Shpol'skii  effect  luminescence 
(fluorescence  and  phosphorescence)    (12)  ,  matrix  isolation 
fluorescence  (13)  and  FTIR  (14)  ,  fluorescence  line  narrow- 
ing spectrometry   (15)   and  rotationally  cooled  fluorescence 
(16)  have  proven  to  be  very  useful  for  the  selective  excita- 
tion and  direct  determination  without  prior  separation. 


CHAPTER  2 

CONVENTIONAL  FLUORESCENCE  AND  PHOSPHORESCENCE 
SPECTROMETRY  OF  POLYNUCLEAR  AROMATIC  HYDROCARBONS 
IN  SHPOL'SKII  MATRICES  AT  77  K 

Introduction 

At  room  temperature,  optical  electronic  spectrometry 
is  of  limited  usefulness  because  electronic  spectra  of  or- 
ganic molecules  in  condensed  phases  generally  exhibit  in- 
homogeneous  optical  line-broadening  due  to  site  distribu- 
tion (17) .     The  inhomogeneous  width  exceeds  the  homogeneous 
width  generally  by  several  orders  of  magnitude,  and  is  par- 
ticularly pronounced  in  disordered  solid  solutions.  Conse- 
quently, the  spectra  are  usually  featureless  and  consist  of 
2  or  3  large  diffuse  bands  of  several  hundred  cm~^  as  a  re- 
sult of  much  spectral  overlap   (Figure  1)    (18) .     Some  aro- 
matic hydrocarbons,  when  dissolved  in  selected  n-alkane  sol 
vents  and  then  frozen  in  liquid  nitrogen   (b.p.   77  K) ,  ex- 
hibit extremely  narrow-banded  and  line-rich  "quasi-linear" 
fluorescence  spectra — the  Shpol'skii  effect.     At  low  temper 
atures,  thermal  line  broadening  is  reduced,  and  in  solvents 
that  form  crystals,  the  solute  PAH  molecules  are  embedded 
in  the  polycrystalline  n-alkane  matrix  and  assume  strictly 
orientated  positions .     At  low  concentrations ,  the  PAH  mole- 
cules are  separated  by  large  distances  so  that  they  do  not 
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interact  (no  site-to-site  energy  transfer) ,  and  experience 
a  well-defined  molecular  field  that  gives  rise  to  quasi-lin- 
ear luminescence  spectra,  the  widths  of  bands  varying  be- 
tween 2  and  3  cm-''"  in  favorable  cases  and  less  than  100  cm 
in  unfavorable  ones   (Figure  2) .     These  reduced  site  inhomo- 
geneously  broadened  line  widths  for  the  vibronic  states  of 
PAH's  allow  for  a  greater  degree  of  selective  excitation  and 
emission  detection;  a  width  of  30-60  cm  1  is  often  suffi- 
cient to  differentiate  two  isomers.     Thus,  low- temperature 
optical  spectrometry  in  Shpol'skii  matrices  enhances  identi- 
fication capabilities. 

The  Shpol'skii  effect  was  reported  in  1952  by  Shpol'skii 
et  al.    (19).     During  the  following  two  decades,  several  re- 
ports were  published  concerning  the  Shpol'skii  effect,  as 
well  as  many  publications  which  described  its  application  to 
both  qualitative  and  quantitative  determinations  of  real 
samples,  as  reviewed  by  Kirkbright  and  deLima   (20).    In  a  se- 
ries of  3  papers,  Kirkbright  and  co-workers   (20-22)  reported 
an  extensive  study  of  the  quasi-linear  luminescence  emission 
spectra  of  23  PAH's  in  n-pentane ,  n-hexane,  n-octane  and  n- 
decane,  and  the  luminescence  excitation  spectra  of  12  PAH's 
at  77  K  in  hexane,  heptane  and  octane,  and  demonstrated  the 
fingerprinting  ability  of  quasi-linear  emission  and  excita- 
tion spectra  for  qualitative  and  quantitative  determination 
of  a  mixture  of  8  PAH's  without  prior  separation.  Colmsjo 
and  Stenberg  illustrated  the  solvent  effect  and  the 


8 


E 


UJ 


0)  U  03 
O  -P  C 

c  o  (0  a 


to  to 


CO  rO  CD  Qj 


M 
-H 


9 


improvement  in  spectral  characteristics  obtained  by  lowering 
the  temperature  from  77  to  63  K;  the  peaks  become  better  re- 
solved and  better  defined  in  position,  which  facilitates 
identification  of  PAH's  in  mixtures   (23,24).     A  library  of 
33  reference  spectra  of  common  PAH's  was  used  to  identify 
by  comparison  PAH's  in  fractions  collected  in  the  chromatog- 
raphy of  a  gasoline  automobile  exhaust  sample;  however, 
only  10  reference  fluorescence  spectra  were  shown   (25)  .  The 
need  to  expand  the  library  of  reference  spectra  for  the  iden- 
tification of  the  remaining  peaks  in  well-resolved  Shpol'skii 
fluorescence  spectra  from  chromatographic  fractions  was 
again  remarked  on  later   (26) . 

The  application  of  laser  excitation  to  low-temperature 
Shpol'skii  luminescence  spectra  and  determination  of  PAH's 
was  pioneered  by  Vo-Dinh  and  Wild   (27)  ,  Abram  et  al.    (28) , 
and  Winscom  et  al.    (17) ,  who  used  commercially  available  la- 
sers to  enhance  the  selectivity  and  sensitivity  of  the 
method.     In  1980,  Fassel  et  al.    (29)  reported  the  use  of  a 
nitrogen-laser-pumped  tunable  dye-laser  for  the  selective 
excitation  of  4  PAH's  in  a  solvent-refined  coal  liquid  sam- 
ple and  a  shale  oil  sample.     Selected  excitation  wavelengths 
within  the  response  curve  of  a  single  dye  were  employed. 
Recently,  the  same  authors  have  presented  the  use  of  site- 
specific  laser-excited  Shpol'skii  spectroscopy  for  the  di- 
rect qualitative  and  quantitative  characterization  of  com- 
plex mixtures  of  PAH's,  including  multialkylated  isomers, 
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at  a  temperature  of  15  K  obtained  with  a  closed-cycle  helium 
refrigerator   (30) . 

Laser-excited  Shpol'skii  spectroscopy  seems  to  have 
great  analytical  potential,  but  the  extremely  high  investment 
cost  of  tunable  dye-lasers  and  pump-lasers  and  their  complex 
and  time-consuming  operation  hamper  the  use  of  this  powerful 
technique.     In  this  paper,  a  reliable  double-monochromator 
spectrof luorimeter  employing  a  xenon-arc  continuum  source  is 
described.     Xenon  arc  lamps,  although  inferior  to  tunable 
dye- lasers  in  spectral  radiance,  are  compact,  simple  to  op- 
erate, reliable,  rugged  and  inexpensive.     This  system  allows 
rapid  and  reproducible  acquisition  of  quasi-linear  lumines- 
cence emission  spectra  and  rapid  change  of  selected  excita- 
tion wavelength  for  the  analysis  of  multicomponent  mixtures 
of  PAH's.     The  correlation  between  the  linear  dimensions  and 
molecular  geometries  of  PAH's  and  their  corresponding 
Shpol'skii  alkane  solvents  is  explicitly  presented  for  23 
typical  PAH's.     Such  a  comprehensive  survey  should  be  a 
helpful  guide  in  choosing  the  solvent  that  gives  the  best-de- 
fined, best-resolved  and  narrowest  peaks  for  the  unambigu- 
ous identification  of  other  PAH's.     Limits  of  detection  ob- 
tained with  the  present  system  are  evaluated;     these  values 
are  the  basis  for  comparison  of  the  detection  power  for  dif- 
ferent PAH's.     A  table  of  excitation  and  emission  maxima  is 
also  given  which  allows  selection  of  optimal  wavelengths  for 
direct  qualitative  and  quantitative  determination  of  24 
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PAH's  in  mixtures,  as  well  as  generation  of  a  data  base  of 
reference  spectra.     In  addition,  the  linear  dynamic  range 
and  the  upper  limit  of  analytically  useful  concentration 
are  discussed.     Finally,  results  for  the  application  of  con- 
ventional fluorimetry  with  a  Shpol'skii  solvent  (n-heptane) 
to  the  quantitative  analysis  of  a  synthetic  mixture  of  11 
PAH's  is  presented. 

There  have  not  been  many  reports  on  Shpol'skii  effect 
phosphorescence.     1 , 2-Benzopyrene  and  coronene  were  reported 
by  Kirkbright  and  deLima  to  exhibit  Shpol'skii  effect  phospho 
rescence  in  THF  and  in  THF  and  n-hexane,  respectively  (20). 
The  total  luminescence  spectrum  of  7x10  ^  M  of  coronene  in 
n-heptane  at  77  K  has  also  been  reported  by  Vo-Dinh  and  Wild 
(31)  who  employed  a  2500-W  high  pressure  xenon  lamp  and  the 
technique  of  single-photon  counting.     Selective  laser  exci- 
tation of  phenazine  molecules,    (populating  indirectly  the 
triplet  state  via  Sq+S^  absorption) ,  at  200  ppm  in  different 
alkane  host  matrices  at  1.3  K,  could  resolve  phosphorescence 
emission  from  "subsites  of  a  particular  Shpol'skii  site" 
when  the  phosphorescence  was  recorded  with  a  1.5  m  mono- 
chromator  and  a  photomultiplier /photon  counting  equipment 
(17) .     The  photon  counting  technique  has  several  advantages 
over  conventional  analog  detection   (e.g.,  excellent  long 
time  stability,  ability  to  eliminate  many  types  of  noise  by 
discrimination)  and  is  especially  suitable  for  weak  phos- 
phorescence signals   (31) .     Phosphorescence,  as  part  of  total 
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luminescence,  adds  an  increased  dimension  of  selectivity  to 
fluorescence.     Also,  some  compounds  that  do  not  fluoresce 
can  be  detected  by  phosphorescence.     In  the  hope  of  obtain- 
ing better  selectivities  for  the  analysis  of  PAH  mixtures, 
low  temperature  phosphorescence  in  Shpol'skii  matrices  at 
77  K  has  been  investigated  with  the  conventional  spectrom- 
eter described  below. 

Experimental 

Apparatus 

A  simple  spectrof luorimeter  was  assembled  using  an 
Eimac  high-intensity  xenon-arc  lamp  (300  W)    (Varian  Eimac 
Division,  San  Carlos,  CA)  as  the  light-source,  powered  by 
a  model  PS  300-1  power  supply  operating  at  17  A  (with  less 
than  1.0%  rms,  3.0%  peak-to-peak  load  current  ripple),  a 
Heath  monochromator   (250  mm  focal  length)  with  wavelength- 
control  unit  as  the  dispersing  element  for  excitation  wave- 
lengths, a  commercial  Dewar  flask  cell  compartment  to  hold 
liquid  nitrogen  and  the  quartz  sample  tube  (3  mm  i.d.,   5  mm 
o.d.),  a  GCA/McPherson  EU-700-77  scanning  monochromator  and 
an  EU-701-30  photomultiplier  tube  as  the  dispersing  element 
and  detector  for  emission  wavelengths   (GCA/McPherson  Co., 
Acton,  MA) ,  a  low-noise  nanoammeter   (32)   to  process  the  pho- 
tomultiplier current,  and  an  Omniscribe  B5217-51  recorder 
(Houston  Instrument,  TX) ,  as  shown  in  Figure  3. 
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Figure  3.     Conventional  fluorimeter  for  Shpol'skii 
effect  luminescence  spectrometry  of  PAH 1 
at  77  K. 
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Reagents 

n-Pentane,  n-hexane,  n-heptane  and  n-nonane  were  dis- 
tilled-in-glass  grade  solvents  obtained  from  Burdick  &  Jack- 
son Laboratories  Inc.    (Muskegon,  MI) ,  n-Octane  was  99  +  % 
gold-label  grade  obtained  from  Aldrich  Chemical  Co. ,  Inc. 
(Milwaukee,  WI) .       Standard  PAH's  were  of  different  commer- 
cial brands   (Aldrich  Chemical  Co.,  Milwaukee,  WI;  Eastman 
Kodak,  Rochester,  NY;  K&K  Laboratories,  Inc.,  Plainview,  NY) 
(33,34),  and  were  recrystallized  from  ethanol,  as  necessary. 

Procedure 

High-resolution  excitation  and  emission  spectra  were 
recorded  for  solutions  in  n-alkanes  at  77  K.     Each  PAH  solu- 
tion (200  yl)  was  rapidly  frozen  in  the  quartz  sample  cell. 
To  scan  the  luminescence  emission  spectrum,  a  2-mm  slit- 
width  was  used  on  the  excitation  monochromator  (correspond- 
ing to  a  spectral  band-pass  of  about  4  nm)   and  a  0.1  mm 
slit-width  was  used  on  the  emission  monochromator  (corre- 
sponding to  a  spectral  band-pass  of  0.2  nm) ;  and  to  scan 
the  excitation  spectrum,  these  monochromator  slit-widths 
(and  spectral  band-passes)  were  interchanged.     The  emission 
monochromator  was  equipped  with  a  programmable  filter  as- 
sembly  (EU-700-56)  which  provided  filters  for  broad-band 
isolation  of  given  spectral  regions  to  reduce  stray  light 
and  scatter.     The  emission  spectrum  was  scanned  at  a  rate 
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of  6.0  nm/min  and  an  RC-filter  time -constant  of  0.5  sec  was 
used  on  the  nanoammeter. 

The  internal  reference  method  was  used  for  calibration; 
the  luminescence  intensity  of  the  internal  standard  was  con- 
currently measured  along  with  that  of  the  analyte  emission. 
The  internal  standard  compensated  for  variation  of  experi- 
mental conditions  such  as  the  position  of  the  sample  cell 
in  the  optical  path,  the  rate  of  cooling  and  hence  the  in- 
homogeneity  of  the  sample  surface,  and  the  source  intensity 
(20,29,30).     It  was  experimentally  determined  that  if  the 
internal  standard  method  was  not  employed,  the  relative  stan- 
dard   deviation  for  7  replicate  determinations  was  as  great 
as  16%.     In  routine  analysis,  when  an  unknown  sample  is  be- 
ing analyzed,  the  analyte  content  can  be  determined  from  a 
pre-determined  working  curve  by  comparing  ratios  of  fluor- 
escence emission  peak  intensities  of  analyte  and  internal 
standard,  omitting  the  necessity  to  recalibrate  the  spectrom- 
eter system  daily.     A  combined  standard  addition-internal 
standard  procedure  was  used  to  minimize  any  "inner  filter" 
effect  or  the  effect  of  energy  transfer  between  the  analyte 
and  other  molecules  present   (20).     The  internal  standard  in 
this  case  could  be  another  PAH  in  the  sample  instead  of  an 
externally  added  reference,  since  in  analysis  of  "real"  sam- 
ples, it  might  be  difficult  to  find  a  substance  whose  quasi- 
linear  luminescence  emission  spectrum  does  not  overlap  that 
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of  the  analyte(s)  and  whose  excitation  spectrum  does  over- 
lap that  of  the  analyte(s). 

Total  luminescence  spectra  were  obtained  by  scanning 
the  emission  monochromator  all  the  way  up  into  the  visible 
red  region,  or  phosphorescence  spectra  were  obtained  by 
starting  scanning  from  500  nm  and  up   (35)  .     A  Hamamatsu 
R928  photomultiplier  tube  that  is  more  sensitive  in  the  red 
region  was  used,  operated  at  -900  V,  in  place  of  the  EU-701- 
30  photomultiplier  tube,  to  obtain  the  total  luminescence 
spectrum  of  coronene . 

Results  and  Discussion 

Effects  of  Emission  Spectral  Band-Pass  on  the  Intensity 
and  Full  Width  at  Half  Maximum  of  Fluorescence 
Emission  Peaks 

The  effect  of  emission  spectral  band-pass  on  the  in- 
tensity and  full  width  at  half  maximum  (FWHM)  of  fluores- 
cence emission  peaks  is  shown  in  Table  1.     1, 2-Benzopyrene 
is  used  as  the  model  polynuclear  aromatic  hydrocarbon. 
Greater  resolution   (smaller  FWHM)   and  better  selectivity 
are  given  by  narrower  slit  widths.     Nevertheless,  on  de- 
creasing the  spectral  band- pass  of  the  emission  monochro- 
mator from  2  A  downwards,  the  full  width  at  half  maximum 
does  not  decrease  as  fast  as  the  loss  in  emission  intensity 
(emission  peak  height) .     Consequently,  an  emission  spectral 
band- pass  of  2  A  is  used  for  the  rest  of  the  experiments 
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Table  1.     Effect  of  Emission  Spectral  Band- 
Pass  on  the  Intensity  and  FWHM  of 
the  386.39  run  Fluorescence  Emis- 
sion Peak  of  1  yg/ml  1,2-Benzopy- 
rene  in  n-Hexane  at  77  K.a 


Slit  Width 
(mm) 

Emission 
Spectral  Band  Pass 
(A) 

FWHM 
(A) 

Relative 
Intensity 

0.1 

2 

4.3 

 a  ,b 

0.05 

1 

3.6 

9.0 

0.03 

0.6 

2.9 

4.0 

0.02 

0.4 

2.7 

1.6 

=  331-° 
0 . 6  nm/min . 

nm;  excitation  band-pass 

=  4  nm; 

scan  speed  = 

No  value  is  given  because  the  determination  was  performed 
at  a  different  lamp  current. 
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to  obtain  the  emission  spectra, and  the  same  value  is  used 
for  the  excitation  spectral  band-pass  to  obtain  the  fluor- 
escence excitation  spectra. 

Correlation  between  Linear  Dimensions  and  Molecular 
""Geometries  of  PAH's  and  their  Corresponding 
Shpol'skii  Alkane  Solvents 

In  Table  2,  a  qualitative  picture  is  shown  of  the  rela- 
tionship between  the  size  and  shape  of  PAH's  and  the  trend 
of  the  Shpol'skii  effect  with  respect  to  n-alkane  solvent 
type.     Polynuclear  aromatic  hydrocarbons  having  the  same  al- 
kane as  their  "Shpol'skii  solvent"  are  grouped  together. 
The  "Shpol'skii  solvent"  is  taken  as  being  that  alkane  which 
gives  the  best  spectral  resolution  (i.e.,  the  luminescence 
emission  and  excitation  spectral  bands  from  the  frozen  crys- 
talline matrix  have  the  narrowest  band-widths) .     It  is  of- 
ten the  case  that  use  of  the  Shpol'skii  solvent  also  results 
in  the  simplest  luminescence  spectra.     The  effective  band- 
width depends  on  the  number  of  "sites"    (30),  i.e.,  the  num- 
ber of  different  orientations  of  the  molecules  in  the  poly- 
crystalline  matrix,  and  the  capability  of  the  fluorimeter 
system  to  resolve  them;  yet,  with  a  conventional  fluorimeter, 
it  is  not  possible  to  apply  site  selection,  and  hence  the 
narrowest  "band-width"  has  been  used  as  the  criterion  for 
choosing  the  Shpol'skii  solvent.     It  is  evident  that  there 
is  a  general  relationship  between  the  dimensions  and  geom- 
etries of  PAH's  and  the  corresponding  Shpol'skii  solvents. 
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Shpol'skii  (36),  and  more  recently  Brown  et  al.    (15,37),  have 
mentioned  that  the  degree  of  broadening  of  vibronic  absorp- 
tion line-widths  caused  by  the  specific  orientation  effect, 
depends  on  the  degree  of  similarity  between  the  molecular  di- 
mensions of  the  PAH  and  the  n-alkane.     The  crystalline  struc- 
tures of  n-pentane,  hexane,  heptane  and  octane  have  been 
well-characterized  by  X-ray  methods   (38-41) .     The  n-pentane 

structure  is  orthorhombic,  with  4  molecules  per  unit  cell 

°3 

and  a  volume  of  543  A  .     Both  n-hexane  and  n-octane  are  tri- 

clinic  with  one  molecule  per  unit  cell  and  volumes  of  165 

°3  . 
and  208  A  ,  respectively;  n-heptane  is  triclmic,  with  2 

°3 

molecules  per  unit  cell  and  a  volume  of  382  A  .  Santoni 
and  Mandon  have  stated  that  the  most  favorable  conditions 
for  the  appearance  of  quasi-linear  spectra  are  equality  of 
length  of  the  alkane  and  PAH  molecules  and  similarity  of 
geometrical  form  (42).     Thus,  n-pentane  would  be  the 
Shpol'skii  solvent  for  naphthalene,  n-heptane  for  anthracene, 
and  n-nonane  for  naphthacene,  as  illustrated  in  Figure  4. 
Such  ideal  matches  do  not  exist  for  PAH's  which  are  not 
straight  chains  of  fused  rings  or  which  have  alkyl  groups 
at  some  position  in  the  molecule.     However,  the  effective 
lengths  of  these  PAH's  can  be  measured  along  an  axis  through 
the  PAH  molecule  which,  when  placed  parallel  to  the  major 
axis  of  the  n-paraffin,  permits  the  PAH  molecule  to  have  max- 
imum contact  with  the  alkane.     Their  values  are  given  in 
Table  2.     Basically,  it  can  be  seen  that  the  effective 
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n-PENTANE 
NAPHTHALENE 

ri-HEPTANE 
ANTHRACENE 

n-NONANE 
NAPHTHACENE 


2.4  £ 


Figure  4.     Favorable  conditions  to  Shpol'skii  effect: 
equality  in  dimensions  and  similarity  of 
geometrical  form    between  (a)  n-pentane  and 
naphthalene,    (b)  n-heptane  and  anthracene,  and 
(c)  n-nonane  and  naphthacene. 
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lengths  serve  as  a  reliable  indication  to  the  Shpol'skii 
solvents  for  the  PAH's,  failing  only  when  the  PAH  molecule 
has  more  than  two  layers  of  aromatic  rings  in  its  structure, 
such  as  perylene,  1 , 2-benzopyrene  and  1 , 12-benzoperylene , 
when  the  breadth  of  the  molecule  also  comes  into  effect.  In 
general,  the  results  in  Table  2  agree  with  those  of  Kirkbright 
and  deLima   (20)  ,  Farooq  and  Kirkbright   (.22)  ,  and  Colmsjo  and 
Stenberg  (23,  25)  with  a  few  contradictions  which  probably 
arise  because  of  different  opinions  on  the  definition  of 
"Shpol ' skii  solvents" . 

Limits  of  Detection  and  Linear  Dynamic  Range  of  Conventional 
Shpol'skii  Luminescence  at  77  K 

The  detection  power  of  the  present  system  has  been 
evaluated  by  calculating  the  limits  of  detection  from  the 
peak  heights  both  in  the  excitation  spectrum  and  the  emis- 
sion spectrum  of  individual  PAH's  at  a  concentration  of 
about  1  yg/ml  in  their  Shpol'skii  solvents.  Note  that  meas- 
urements were  not  always  made  at  the  most  intense  excita- 
tion and/or  emission  wavelengths;   if  the  excitation  and 
emission  maxima  turned  out  to  be  too  close  together,  the 
next  most  intense  excitation  or  emission  peak  was  chosen 
in  order  to  avoid  extensive  scatter;   in  such  cases,  the  ra- 
tio of  the  height  of  the  measured  peak  to  that  of  the  most 
intense  peak  in  the  same  spectrum  is  given  in  parentheses 
after  the  wavelength  of  the  measured  peak.  A  second  wave- 
length was  also  chosen  if  the  overlapping  region  between 
the  excitation  and  emission  spectra  was  to  be  scanned  and 
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the  most  intense  peak  happened  to  fall  inside  that  region. 
It  can  be  seen  from  Table  3  that,  in  general,  the  system 
results  in  limits  of  detection  of  about  10  ng/ml.     The  last 
column  in  Table  3  includes  the  limits  of  detection  by  con- 
ventional room- temperature  fluorimetry   (33)  .     The  present 
method  is  about  3  orders  of  magnitude  less  sensitive  than 
room- temperature  fluorimetry.     One  reason  is  that  much 
smaller  spectral  band-passes   (4  and  0.2  nm)  are  used,  com- 
pared to  the  12  nm  for  the  room- temperature  work   (33).  An- 
other reason  is  that  with  a  frozen  crystalline  alkane  ma- 
trix, snow  is  formed,  so  only  the  front  surface  is  irradi- 
ated instead  of  the  entire  volume   (34) . 

The  standard  calibration  curve  for  1-methylpyrene  is 
shown  in  Figure  5  as  an  example.     The  linear  dynamic  range 
of  3  orders  of  magnitude  deviates  from  a  slope  of  unity  at 
about  1  yg/ml  and  reverses  slope  at  concentrations  above  10 
yg/ml.     The  deviation  from  unity  slope  is  attributed  to  the 
fact  that  the  approximation 


IF  =  [I0(l-e 


-abc 


) ] [0]   -  IQabc0 


(1) 


where  I 


total  fluorescence  intensity  (J/s) 


I 


o 


excitation  light  intensity  (J/s) 


a 


molar  absorption  coefficient  (1/mole/cm) 


b 


optical  path-length  (cm) 


c 


concentration  (mole/1) 


and  0 


fluorescence  quantum  efficiency   (or  yield) 


( dimens  ion le  s  s ) 
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for  a  linear  response  (viz.,  the  fluorescence  intensity  is  di- 
rectly proportional  to  the  concentration  of  fluorophor)  when 
the  solution  is  dilute  and  absorbs  less  than  5%  of  the  exci- 
tation radiation  is  no  longer  valid  at  sufficiently  high  con- 
centrations  (44) .     In  cases  where  the  measured  emission  line 
(or  peak)  is  due  to  a  (0-0)  transition,  reabsorption  or  self- 
absorption  would  also  limit  the  linear  dynamic  range.     The  re- 
versal of  slope  can  probably  be  accounted  for  by  the  observa- 
tion that  the  full  width  at  half  maximum  increases  dramat- 
ically at  10  yg/ml  and  higher  concentrations   (Figure  6) ,  the 
PAH  molecules  in  the  host  alkane  matrix  then  being  concen- 
trated enough  to  allow  site-to-site  energy  transfer   (15) . 
Furthermore,  at  concentrations  above  about  10~3  M,  molecules 
aggregate  inhomogeneously  in  the  sample  and  do  not  incorpo- 
rate into  the  crystalline  matrix.     These  molecular  aggregates 
absorb  strongly  but  do  not  emit   (45,46).     Although  the  same 
phenomenon  of  slope  reversal  was  observed  by     Rima      et  al. 
(47) ,  it  was  speculatively  attributed  to  increasing  perturba- 
tion related  to  the  complexity  of  PAH  solutions  in  frozen  al- 
kanes  as  the  concentration  rose.     Consequently,  Shpol'skii 
fluorescence  is  best  utilized  in  the  sub-  yg/ml  region. 

One  point  worth  noting  is  that  the  emission  peaks 
do  not  begin  to  increase  their  FWHM  dramatically  at  the 
same  concentration  (Figure  6).     The  largest  emission  peak 
increases  its  FWHM  first  while  the  other  emission  peaks 
stay  almost  the  same   (FWHM)  as  before  (for  example,  the 
triplet  at  390-397  nm) .     Consequently,  the  relative 


Figure  6.     Changes  in  FWHM  and  relative  intensities 

with  decreasing  concentrations  of  1-methyl- 
pyrene  in  n-hexane  at  77  K:    (a)   81,    (b)  11, 
and  (c)   1  yg/ml.  \    =346.2  nm,  and  two 
different  concentrations  of  3 , 4-benzopyrene 
as  the  internal  standard,  as  indicated  by  (o) 
and  (•)  ,  were  used  in  (a) -(c). 
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peak  heights  change  with  a  change  in  concentration.  So 
care  must  be  taken  in  the  use  of  relative  peak  heights  for 
qualitative  or  quantitative  determination  purposes   (48) . 

Direct  Qualitative  and  Quantitative  Analysis  of  Mixtures 
~~of  PAH's  by  Conventional  Shpol'skii  Luminescence  at 
77  K 

The  sharp-line  absorption  spectra  exhibited  by  PAH's 
in  frozen  Shpol'skii  solvents  facilitate  selective  excita- 
tion for  the  qualitative  and  quantitative  analysis  of  mix- 
tures  (30) .     Interference  by  weak  emission  from  other  com- 
ponents, because  of  partial  overlap  of  absorption  lines  at 
the  excitation  wavelength  can  be  resolved  by  choosing  a  Char- 
acteristic emission  wavelength  of  the  compound  of  interest 
for  detection  purposes.     Selection  of  the  excitation  wave- 
lengths that  exhibit  minimal  spectral  overlap  is  greatly  fa- 
cilitated by  comparison  of  the  excitation  spectra  of  the  in- 
dividual compounds.     For  this  reason,  I  strongly  recommend 
potential  users  to  collect  a  reference  file  of  quasi-linear 
luminescence  spectra  obtained  with  their  own  instruments. 
In  Table  4,  a  tentative  scheme  is  presented  in  which  the  24 
PAH's  are  arranged  in  increasing  order  of  excitation-maximum 
wavelengths.     The  third  column  shows  that  an  emission  wave- 
length can  generally  be  found  for  selective  detection  even 
when  the  excitation  maximum  is  overlapped  by  the  excitation 
bands  of  neighboring  PAH's  in  the  table.     This  table  should 
be  of  help  in  analyzing  mixtures  of  PAH's,  but  should  not  be 
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Table  4.     PAH's  in  Order  of  Increasing  Magnitude 
of  Maximum  Excitation  Wavelength  (n- 
Heptane  Solutions) 


Excit.  Max.    (nm)     Emiss.  Max.  (nm) 
PAH  (FWHM   (nm) )  (FWHM   (nm) ) 


2-Methylanthracene 

257.6 

(2.7) 

388.7 

(2.6) 

1, 2-Benzof luorene 

265.0 

(2.4) 

346.1 

(UDf 

2 , 3-Benzof luorene 

266.7 

(UD) 

339.9 

(UD) 

Chrysene 

270.9 

(4.1) 

360.7 

(0.7) 

Naphthacene 

277.4 

(UD) 

475.3 

(UD) 

Fluoranthene 

288.6 

(1.8) 

434.8 

(UD) 

Naphthalene 

289.2 

(3.1) 

334.0 

(2.3) 

1 , 2 ; 3 , 4-Dibenzanthracene 

290.6 

(5.4) 

375.7 

(0.7) 

1 , 2-Benzanthracene 

291.6 

(UD) 

383.3 

(UD) 

Phenanthrene 

295.0 

(1.9) 

346.0 

(1.4) 

1 , 2 ; 5 , 6-Dibenzanthracene 

300.1 

(4.0) 

393.1 

(UD) 

Fluorene 

301.5 

(1.5) 

317.0 

(UD) 

Acenaphthene 

306.6 

(2.1) 

319.1 

(1.7) 

iryrene 

321.  0 

(2.3) 

371.6 

(1.1) 

1 , 2-Benzopyrene 

335.6 

(1.7) 

386.7 

(1.2) 

1-Methylpyrene 

346.2 

(2.7) 

374  3 

(TTT>\ 
\,UU  ) 

9-Methylanthracene 

368.9 

(2.9) 

388.7 

(2.6) 

9 , 10-Dimethylanthracene 

378.5 

(1.8) 

399.6 

(1.6) 

Anthracene 

380.5 

(1.1) 

402.1 

(UD) 

1 , 12-Benzopery lene 

388.2 

(UD) 

419.1 

(0.9) 

3 , 4-Benzopyrene 

389.2 

(1.8) 

402.8 

(UD) 

9 , 10-Diphenylanthracene 

396.2 

(8.2) 

425.8 

(UD) 

Perylene 

415.2 

(1.6) 

443.9 

(1.0) 

Anthanthrene 

433.4 

(UD) 

459.7 

(UD) 

aUD  =  FWHM  could  not  be  determined 

because 

of  overlap 

of 

peaks . 
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regarded  as  providing  the  only  answer,  as  other  emission 
wavelengths  are  sometimes  used  for  resolving  interfering 
components,  especially  in  analysis  of  "real"  samples, 
or  to  reduce  the  analysis  time  and  effort. 

To  test  the  power  of  the  Shpol ' skii  technique  with  the 
fluorimeter  system,  a  synthetic  mixture  of  11  PAH's  was  pre- 
pared in  n-heptane,  the  concentrations  ranging  from  50  to 
470  ng/ml.  n-Heptane  was  chosen  as  a  compromise  among  the 
5  alkane  solvents,  as  suggested  by    Yang    et  al.    (30).  A 
combined  standard  addition- internal  standard  procedure  was 
adopted.  As  mentioned  before,  in  multi-component  sample 
mixture  analysis,   it  is  difficult  to  find  an  internal 
standard  substance  whose  emission  spectrum  does  not  over- 
lap that  of  the  analyte (s)  and  whose  excitation  spectrum 
does  overlap  that  of  the  analyte(s).  The  difficult  situation 
is  illustrated  in  Figure  7.  9-Methylanthracene  absorbs 
at  the  excitation  wavelength  of  333.5  nm;  however,  its 
emission  peaks   (indicated  by  the  arrows)  overlap  partially 
with  adjacent  analyte  emission  peaks   (Figure  7(b)).  Thus, 
9-methylanthracene  cannot  be  used  as  the  internal  standard. 
1,2;3,4-Dibenzanthracene  also  absorbs  at  333.5  nm,  with 
emission  peaks  falling  nicely  in  between  analyte  emission 
peaks  without  significant  overlap  (Figure  7(c)).  It  can, 
therefore,  be  used  as  the  internal  standard.  Nevertheless, 
the  emission  peaks  from  1, 2; 3 , 4-dibenzanthracene  might  over- 
lap with  the  analyte  peaks  that  will  appear  when  a  second 


Figure  7.     Choosing  an  internal  standard  for  conven- 
tional low-temperature  fluorescence  analysis 
of  PAH  mixture  in  n-heptane  at  77  K:  (a) 
sample  mixture  (X    =334.0  nm) ,    (b)  sample 
mixture  +  9-methy Anthracene  CX    =333.5  nm) , 
and  (c)   sample  mixture  +  1, 2; 3, f^dibenz- 
anthracene  (X    =274.2  nm) .  The  emission 
peaks  from  thl^internal  standards  are 
indicated  by  arrows. 
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excitation  wavelength  is  employed  to  optimize  the  determi- 
nation of  other  analyte  components.     Consequently,  one  of 
the  components  of  the  sample  mixture  was  chosen  to  be  the 
internal  standard  (29) .     This  internal  standard  approach 
was  found  to  be  quite  feasible;  1, 2-benzanthracene  was  cho- 
sen as  the  internal  standard  for  the  determination  of  1,2- 
benzopyrene  and  3 , 4-benzopyrene  because  it  also  emitted 
when  the  sample  solution  was  excited  at  292.3  nm  for  the 
determination  of  1, 2-benzopyrene ,  and  3 , 4-benzopyrene  was 
used  as  the  internal  standard  for  the  determination  of  the 
other  PAH's  because  its  strong  emission  at  402.8  nm  lay  in 
a  region  isolated  from  most  emissions  from  other  PAH's,  and 
because  almost  any  excitation  wavelength  would  cause  emis- 
sion  (Figure  8).     With  only  6  excitation  wavelengths,  all 
11  PAH's  could  be  identified  and  their  concentrations  deter 
mined.     The  results  are  shown  in  Table  5.     Note  that  some 
excitation  wavelengths  were  not  those  given  in  Table  3  : 
292.2  nm  was  the  most  selective  excitation  wavelength  for 
1, 2-benzopyrene  in  the  mixture;     361.6  nm  was  used  for  an- 
thracene because  the  emission  at  380.5  nm  could  then  be 
used  for  its  selective  detection  (its  emission  maximum  at 
402.1  nm  was  overwhelmed  by  the  intense  fluorescence  from 
3, 4-benzopyrene) ;  and  392.2  nm  was  used  instead  of  415.2  nm 
for  perylene  because  only  then  could  the  emission  of  3,4- 
benzopyrene  at  402.8  nm  be  used  as  the  internal  standard 
for  determination  of  perylene.     As  can  be  seen  from  Table  5 
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Figure  8.     Analysis  of  sample  mixture  using  an  excitation 
wavelength  optimal  for  the  determination  of 
acenaphthene  (306.6  nm) :  A  =  acenaphthene,  B  = 
1, 2-benzanthracene,  C  =  chrysene,  D  =  1,2:3,4- 
dibenzanthracene,  and  P  =  pyrene.  The  emission 
peaks  of  3 , 4-benzopyrene  (•)  were  used  as  the 
internal  standard.  Current  sensitivities  are 
(a)   1/3  nA,    (b)   10/7.5  nA,  and   (c)   10/5  nA  full 
scale. 


Table  5.     Quantitative  Analysis  of  11-Component 
PAH  Mixture  in  n-Heptane  by  Conven- 
tional Shpol'skii  Luminescence  at  77  K 


ex  em  Taken  Found 

(nm)        (nm)  PAH  (yg/ml)      (yg/ml)     Error  % 


289. 

2 

321. 

9 

Naphthalene 

0. 

05 

0. 

05 

5 

375. 

6 

1,2 ; 3, 4-Dibenz- 

0. 

41 

0. 

46 

13 

anthracene 

292. 

2 

371. 

8 

1 , 2-Benzopyrenea 

0. 

38 

0. 

40 

5 

402. 

8 

3 , 4-Benzopyrene 

0. 

37 

0. 

37 

1 

295. 

0 

346. 

0 

Phenanthrene 

0. 

41 

0. 

36 

11 

360. 

6 

Chrysene 

0. 

45 

0. 

49 

8 

306. 

6 

319. 

3 

Acenaphthene 

0. 

08 

0. 

08 

5 

371. 

0 

Pyrene 

0. 

41 

0. 

47 

16 

361. 

6 

380. 

5 

Anthracene 

0. 

40 

0. 

46 

13 

383. 

9 

1 , 2-Benzanthracene 

0. 

48 

0. 

44 

8 

392. 

2 

443. 

9 

Perylene 

0. 

08 

0. 

08 

7 

Standard  addition  was  done  on  two  portions  of  the  same  sam- 
ple solution.     One  portion  was  used  for  the  determination 
of  1,2-benzopyrene  and  3 , 4-benzopyrene ,  with  1 , 2-benzanth- 
racene  (X^  =  383.9  nm)   as  the  internal  standard.  Another 
portion  was  used  for  the  determination  of  the  other  PAH's, 
with  3, 4-benzopyrene   ( X      =  402.8  nm  or  426.6  nm)   as  the 
internal  standard. 
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the  average  error  was  about  9%;  the  major  sources  of  error 
could  have  been  the  inhomogeneity  in  orientation  of  the  mole- 
cules in  the  matrix,  the  inherent  uncertainty  in  fluorimetry, 
and  penetration  into  the  non-linear  region  on  the  high  con- 
centration side  of  the  standard  calibration  curve  if  too 
large  a  standard  addition  was  made. 

Real-life  samples  are  extremely  complex  systems.  When 
Shpol'skii  effect  luminescence  spectrometry  is  applied  prac- 
tically and  realistically  to  the  analysis  of  a  complex  en- 
vironmental sample,  the  PAH's  can  be  isolated  from  other 
classes  of  compounds  by  a  rapid  high  performance  liquid 
chromatography.     Adsorption  chromatography  on  a  Porasil  A 
microcolumn  with  n-hexane   (or  possibly  other  n-alkanes)  as 
the  mobile  phase  separates  the  PAH  fraction  from  other 
strongly  retained  compounds   (e.g.,  heterocyclics)   in  less 
than  5  min  (49),  and  the  PAH  fraction  collected  can  then  be 
analyzed  by  Shpol'skii  effect  luminescence  spectrometry. 

Although  quasi-linear  peak  widths  become  narrower  with 
decrease  in  temperature   (24)  ,  77  K  was  found  to  be  low  enough 
for  satisfactory  identification  of  11  PAH's  in  the  present 
study.     A  liquid-nitrogen  bath  is  cheaper,  simpler  and  eas- 
ier to  use  than  freezing  nitrogen  or  lower  temperatures  re- 
quiring liquid  hydrogen  or  liquid  helium.     The  limits  of  de- 
tection can  be  improved  by  using  dye-laser  excitation,  but 
apparently  by  no  more  than  2  orders  of  magnitude  judging 
from  the  analytical  curve  for  benzo [a] pyrene  shown  by  Yang 
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et  al.    (30)  .     Moreover,  the  complications  involved  in  chang- 
ing dyes  and  tuning  the  frequency  doubler  when  working  at 
excitation  wavelengths  shorter  than  360  nm  can  result  in 
considerable  consumption  of  time  and  effort;  in  addition, 
the  initial  cost  and  maintenance  cost  of  lasers  and  the  use 
of  gated  detection  electronics  must  be  considered.     With  the 
introduction  of  commercial  spectrof luorimeters  similar  to 
the  one  described  in  this  work,  conventional  Shpol'skii  lu- 
minescence could  develop  into  a  routine  analytical  technique 
in  any  laboratory. 

Conventional  Phosphorescence  Spectrometry  of  PAH's  in 
Shpol'skii  Matrices  at  77  K 

In  the  analysis  of  the  11-component  mixture  of  PAH's 
by  conventional  Shpol'skii  effect  fluorimetry,  difficulties 
arose  because  1,2-benzopyrene,  1, 2; 3, 4 -dibenz anthracene  and 
pyrene  have  much  overlap  in  their  excitation  and  fluores- 
cence emission  spectra.     Consequently,  excitation  and  emis- 
sion wavelengths  other  than  the  maxima  were  used,  and  sensi- 
tivity was  thus  sacrificed  and  LOD's  were  increased.  The 
phosphorescence  spectra  of  these  PAH's  were  studied  as  pos- 
sible complementary  analytical  means.     The  Shpol'skii  effect 
phosphorescence  spectrum  of  1  yg/ml  of  1,2-benzopyrene  in 
n-octane  at  77  K  is  shown  in  Figure  9.     The  spectrum  is  sim- 
ple, and  the  FWHM  of  the  emission  maximum  is  only  1.1  nm. 
A  LOD  of  0.02  yg/ml,  calculated  as  the  concentration  that 
gives  a  signal  3  times  the  background  noise,  is  obtained. 
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The  excitation  band-pass  is  4  nm  and  the  emission  band-pass 
is  0.2  nm.     However,  when  1, 2 ; 3 , 4-dibenzanthracene  and  py- 
rene  were  run  under  the  same  conditions  using  their  corre- 
sponding excitation-maximum  wavelengths,  no  phosphorescence 
signal  was  detected  in  the  wavelength  regions  where  emission 
maxima  had  been  reported,  even  at  the  increased  concentra- 
tions of  10  yg/ml  and  5  yg/ml,  respectively.     As  the  slit- 
width  of  the  emission  monochromator  was  stepwise  opened  for 
the  sample  of  5  yg/ml  of  pyrene,  a  phosphorescence  peak  be- 
gan to  emerge  at  590.9  nm  at  the  emission  band-pass  of  1  nm. 
The  effect  of  emission  band-pass  on  the  FWHM  of  and  LOD 
based  on  the  590.9  nm  peak  is  summarized  in  Table  6. 

The  value  of  0.03  yg/ml  for  the  LOD  of  pyrene  when  an 
emission  band-pass  of  4.0  nm  was  used  is  found  to  agree 
with  that  of  pyrene  in  75/25   (v/v)  ethanol/H20  at  77  K  re- 
ported by  Inman,  Jurgensen  and  Winefordner   (0.02  yg/ml) 
(35) ,  who  used  4  nm  band-passes  for  both  excitation  and 
emission.     Based  on  a  LOD  of  0.0005  yg/ml  for  1,2-benzo- 
pyrenein  heptane  at  77  K  (35),  a  reduction  factor  of  about 
2  orders  of  magnitude  would  occur  when  the  emission  band- 
pass is  decreased  from  4  nm  to  0.2  nm.     As  most  of  the 
PAH's  studied  by  Inman,  Jurgensen  and  Winefordner  had  LOD's 
at  the  tens  of  ng/ml  levels,  the  values  expected  with 
the  decreased  emission  band-pass  of  0.2  nm  would  be  on  the 
order  of  magnitude  of  yg/ml.     Hence,  at  the  narrow  emission 
band-pass  required  to  observe  the  Shpol'skii  effect 
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quasi-linear  spectra,  low -temperature  phosphorescence  using 
a  conventional  spectrof luorimeter  lacks  the  sensitivity  for 
concentrations  below  yg/ml.     Even  with  a  more  red-sensitive 
photomultiplier  tube   (Hamamatsu  R928) ,  the  LOD  of  0.1  yg/ml 
for  coronene   (Figure  10)  is  not  great.     Thus,  the  use  of  an 
excitation  source  of  higher  intensity  seems  to  be  essential 
for  Shpol'skii  effect  phosphorescence.     With  the  conventional 
spectrof luorimeter ,  1 , 2-benzopyrene  and  coronene   (and  prob- 
ably a  few  others)  present  in  a  complex  mixture  can  be  iden- 
tified (characterized)  by  their  low-temperature  phosphores- 
cence in  a  Shpol'skii  matrix,  even  if  ambiguities  arise  in 
Shpol'skii  effect  fluorescence  spectrometry. 

The  Shpol'skii  effect  phosphorescence  excitation  spec- 
trum should  be  the  same  as  the  Shpol'skii  effect  fluores- 
cence excitation  spectrum,  as  is  shown  in  Figure  11  for 
1, 2-benzopyrene.     The  shoulder  peak  at  317.8  nm  in  (a)  is 
probably  due  to  an  instrumental  artifact. 
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EXCITATION  WAVELENGTH  (nm) 


Figure  11. 


(a)   Conventional  fluorescence  and   (b)  phospho- 
rescence excitation  spectra  of  1  yg/ml 
1, 2-benzopyrene  in  n-octane  at  77  K. 


CHAPTER  3 

LASER- INDUCED  FLUORESCENCE  SPECTROMETRY  OF 
POLYNUCLEAR  AROMATIC  HYDROCARBONS  IN 
SHPOL'SKII  MATRICES  AT  77  K 

Introduction 

Because  of  the  higher  intensities  of  lasers,  an  increase 
in  sensitivity  (signal/concentration)   is  often  noted  in  molec- 
ular luminescence  spectrometry  with  laser  excitation  as  com- 
pared with  conventional  sources.     The  narrow-band  excitation 
spectra  of  PAH's  in  Shpol'skii  matrices  at  low  temperatures 
permit  the  selective  excitation  of  the  quasi-linear  lumines- 
cence of  single  compounds  in  mixtures  of  PAH's.     The  use  of 
an  intense  narrow-line  excitation  source,  such  as  a  tunable 
dye-laser,  will  provide  the  high  selectivity  and  sensitivity 
needed,  for  selective  excitation  by  the  Shpol'skii  effect. 
Selective  excitation,  when  followed  by  monitoring  the  lumi- 
nescence emission  at  high  resolution,  should  permit  very  high 
selectivity  to  be  achieved  in  the  determination  of  individ- 
ual compounds  so  that  the  need  for  prior  separation  is  min- 
imized.    Frequently,  the  Shpol'skii  excitation  and  emission 
spectra  consist  of  two  or  more  similar  subspectra  which  are 
slightly  displaced  with  respect  to  each  other,  giving  rise 
to  closely  spaced  multiplet  structures.     Shpol'skii  associ- 
ated each  subspectrum  with  guest  molecules  occupying  a 
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specific  site   (viz.,  orientation)  in  the  polycrystalline 
frozen  n-alkane  matrix  in  his  theory  of  different  sites  (36, 
50,51).     The  energy  splitting  of  different  sites,  attributed 
to  the  difference  of  guest-host  interaction  in  the        and  Sg 
states,  is  usually  on  the  order  of  several  cm"1   (27).  With 
conventional  broad-band  excitation  such  as  a  xenon- arc  lamp, 
all  the  sites  are  excited  and  the  emission  spectrum  shows  a 
multiplet  structure.     Individual  site  excitation  can  be  per- 
formed with  monochromatic  sources  of  very  small  spectral 
bandwidth  and  high  intensity  (since  the  detection  spectrom- 
eter must  also  have  very  small  spectral  bandwidth)   such  as 
provided  by  lasers.     If  the  wavelength  from  a  laser  matches 
an  absorption  line  of  the  molecules  in  one  specific  site, 
only  the  subspectrum  of  that  specific  site  will  be  observed 
and  the  emission  spectrum  will  be  less  complex. 

The  application  of  laser  excitation  to  low- temperature 
Shpol'skii  luminescence  spectra  and  determination  of  PAH's 
has  been  reviewed  in  Chapter  2.     Efforts  to  increase  the  sen- 
sitivity of  Shpol'skii  effect  phosphorescence  led  to  an  ex- 
ploration of  the  use  of  an  XeCl  excimer  laser  with  30  mJ/ 
pulse  pulse  energy  as  excitation  source  in  low-temperature 
Shpol'skii  effect  luminescence. 

Experimental 

The  experimental  arrangement  for  laser-induced  fluores- 
cence spectrometry  is  shown  in  Figure  12.     The  optical  beam 
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Figure  12.     Experimental  arrangement  for  laser-induced 
fluorescence  spectrometry  at  77  K. 
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from  a  XeCl  excimer  laser   (model  TE-861S,  Lumonics  Research 
Limited,  Ottawa,  Ontario,  Canada)   lasing  at  308.  nm  and  op- 
erating at  35  kV  at  a  repetition  rate  of  20  Hz  was  passed 
through  a  neutral  density  filter   (Corion  Corp. ,  Holliston, 
MA)  and  then  focused  on  the  front  surface  of  the  frozen 
snowy  Shpol'skii  sample  matrix.     The  sample  was  contained 
in  the  same  Suprasil  quartz  tube  with  3.0  mm  i.d.  and  1.0 
mm  wall  thickness  used  for  conventional  fluorescence  spec- 
trometry.    A  Heath  monochromator  with  wavelength-control 
unit  and  1180  lines  per  mm  grating  (approximately  20  A  per 
mm  at  exit  slit)  blazed  at  250.0  nm,  the  same  as  the  excita- 
tion monochromator  described  in  Chapter  2 ,  was  employed  as 
the  emission  monochromator.     An  RCA  1P28  photomultiplier 
tube  (RCA,  Lancaster,  PA)  with  a  typical  anode  luminous  re- 
sponsibility of  100  A/lum  in  the  spectral  range  200-600  nm 
and  <16  ns  anode  pulse  rise  time  operated  at  950  V  was  used 
as  the  detector.     The  photomultiplier  tube  output  was 
stretched  with  a  1  Mfi  resistor  which  also  acted  as  a  current- 
to-voltage  converter  with  a  gain  of  10 6  V/A.     The  use  of  a 
pulse  stretcher  eliminated  short  boxcar  gates  and  their  at- 
tendent  jitter  and  drift,  and  it  was  unnecessary  to  employ 
optical  triggering  and  low  distortion  delay  lines  to  circum- 
vent the  inherent  boxcar  trigger  delay  of  ^75  ns   (52).  The 
converted  voltage  signal  was  amplified  with  a  PAR  211  ampli- 
fier and  acquired  with  a  PAR  160  boxcar  integrator/averager 
(EG&G  Princeton  Applied  Research,  NJ) .     The  boxcar  averager 
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output  was  recorded  by  an  Omniscribe  B5217-5I  chart  recorder 
(Houston  Instrument,  Austin,  TX) .     A  laboratory-constructed 
pyroelectric  energy  meter  with  a  responsivity  of  285  V/mJ 
(calibrated  against  a  Molectron  J3-05DW  pyroelectric  joule- 
meter,  Molectron  Corp.,  Sunnyvale,  CA)  monitored  the  pulse 
energy  of  the  partially  reflected  laser  beam. 

To  scan  a  fluorescence  emission  spectrum,  the  boxcar 
gate  of  5  ys  aperture  time  was  set  at  the  delay  time  corre- 
sponding to  the  peak  of  the  stretched  PMT  output  pulse  (ap- 
proximately 16-29  us,  depending  on  the  fluorescence  life- 
time) .     The  emission  monochromator  was  scanned  at  a  rate  of 
6  nm/min,  and  an  observable  time  constant  of  3  s  was  used  on 
the  boxcar  integrator  to  obtain  the  largest,  mostly  noise- 
free  signal.     The  slit-widths  of  the  entrance  and  exit  slits 
of  the  monochromator  were  recalibrated  by  the  feeler  gauge 
technique  using  a  strip  of  cellophane  film  0.008  in   (203  ym) 
thick,  and  the  spectral  band-pass  was  either  0.20  or  0.12  nm. 

Results  and  Discussion 

Effect  of  Emission  Spectral  Band-Pass  on  the  Intensity  and 
Full  Width  at  Half  Maximum  of  Laser-Induced 
Fluorescence  Emission  Peaks" 

The  effect  of  emission  band-pass  on  the  intensity  and 
full  width  at  half  maximum  (FWHM)   of  fluorescence  emission 
peaks  were  studied  on  two  model  PAH's,  coronene  and  chrysene, 
at  laser  incident  energies  of  5.4  and  17  yJ /pulse, 
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respectively.     The  results  are  shown  graphically  in  Figure 
13.     The  FWHM's  do  not  change  significantly  with  decreasing 
spectral  band-pass,  but  the  intensities  drop  considerably 
below  a  spectral  band-pass  of  0.12  nm.     Consequently,  a  spec- 
tral band-pass  of  either  0.20  or  0.12  nm,as  optimized  for 
sensitivity  and  FWHM  for  individual  PAH' s,  was  used  in  the 
following  experiments. 

Effect  of  Laser  Incident  Pulse  Energy  on  Laser-Induced 
Fluorescence  of  Polynuclear  Aromatic  Hydrocarbons 
in  Shpol'skii  Matrices  at  77 ~K 

It  was  observed  that,  at  high  laser  incident  pulse  en- 
ergies  (above  50  yJ) ,  the  laser-induced  low- temperature 
fluorescence  (LILTF)  spectra    consisted  of  large  and  broad 
backgrounds  due  to  extensive  light  scattering  from  the  snowy 
polycrystalline  Shpol'skii  matrices.     An  accentuated  example 
would  be  coronene  (Figure  14) .     Besides  a  large  and  broad 
background,  and  the  fluorescence  emission  peaks  of  course, 
large  peaks  of  unknown  nature  are  also  observed  at  approx- 
imately 412,  420,  430  and  438  nm  at  high  laser  incident  pulse 
energies.     In  an  attempt  to  understand  the  strange  phenome- 
non, LILTF  spectra  were  obtained  for  various  laser  pulse  en- 
ergies  (changed  by  the  use  of  neutral  density  filters)  for 
several  PAH's  that  absorb  at  the  XeCl  excimer  laser  wave- 
length of  308.  nm  (approximately  1  nm  spectral  band-pass). 
The  results  are  shown  in  Figure  15.     The  LILTF  intensities 
do  not  increase  indefinitely  with  increasing  laser  pulse 
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Figure  13.     Effect  of  emission  band-pass  on  LILTF  intensity 
(•)  and  FWHM  (o)  of  (a)   1  ug/ml  chrysene  in 
n-heptane  (X    =360.7  nm,  laser  pulse  energy  = 
17  uJ)  ,  and  T$)   2  ug/ml  coronene  in  n-heptane 
(*em=442*8  nm,  laser  pulse  energy  =  5.4  pj) . 
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Figure  14. 


Effect  of  XeCl  excimer  laser  pulse  energy  on 
LILTF  of  2  -pg/ml  coronene    in  n-heptane  at  77  K, 
(a)  1700,    (b)   538,    (c)   54,    (d)   17,    (e)   5.4,  and 
(f)  1.7  pj/pulse;  emission  band-pass  =  0.2  nm. 
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Figure  15.     Effect  of  laser  pulse  energy  on  LILTF  intensity 

(  )  and  FWHM  (  )  of  pyrene  (Py) ,  chrysene 

(Ch)  and  coronene   (Co)   in  Shpol * skii  matrices 
at  77  K. 
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energy,  with  saturation  occurring  at  approximately  17yJ/pulse. 
That  the  levelling  off  of  LILTF  intensity  is  not  due  to  local 
melting  of  the  sample  matrix  can  be  confirmed  by  the  observa- 
tion that  the  FWHM  (shown  by  the  dashed  lines)  does  not  in- 
crease significantly  in  the  saturation  region.     Saturation  oc- 
curs in  LILTF  from  Shpol'skii  matrices,  but  not  in  laser-in- 
duced fluorescence  from  solutions  at  room  temperature   (53) , 
because  of  the  limited  depth  of  penetration  of  the  laser  light 
into  the  Shpol'skii  matrices  which  are  highly  scattering.  Con- 
sequently, subsequent  LILTF  spectra  were  obtained  at  laser  in- 
cident pulse  energies  below  17  yJ/pulse  in  order  to  be  in  the 
linear  response  region  and  to  obtain  a  reasonably  low  background. 

Comparison  of  LILTF  with  Conventional  Fluorescence 
Spectrometry  in  Shpol'skii  Matrices 

Figure  16  shows  the  XeCl  excimer  LILTF  emission  spec- 
trum for  1  yg/rnl  1, 2-benzopyrene  in  n-octane  at  77  K  under 
optimal  experimental  conditions.     The  scan  rate  of  6  nm/min 
is  the  same  as  that  used  for  conventional  low- temperature 
fluorescence  spectrometry  in  Chapter  2,  and  allows  the  ac- 
quisition of  the  whole  spectrum  in  a  reasonably  short  period 
of  time  of  approximately  10  min.     The  3  s  observable  time 
constant  of  the  boxcar  integrator  compromises  with  the  scan 
rate  and  gives  a  large,  mostly  noise-free  signal.     The  LOD 
and  FWHM  obtained  for  LILTF  of  1 , 2-benzopyrene  are  shown  in 
Table  7,  as  well  as  those  for  several  other  PAH's.     Note  that 
the  LILTF  LOD ' s  are,  in  general,  slightly  higher  than  the  cor- 
responding conventional  low- temperature  fluorescence  (LTF) 
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LOD's,  while  the  LILTF  FWHM's  are  larger  than  the 
conventional  LTF  FWHM's.     As  shown  in  Figure  17,  the  doublet 
at  381.7  nm  can  no  longer  be  resolved  by  XeCl  excimer  LILTF 
of  pyrene. 

Several  explanations  can  be  given  to  account  for  the 
degradation  in  performance  of  LILTF  as  compared  to  conven- 
tional LTF.     First,  a  smaller  emission  collection  lens  of 
1  in  diameter  was  used  for  LILTF  experiment,  but  a  collec- 
tion lens  of  2  in  diameter  was  used  for  conventional  LTF. 
The  conventional  Eimac  xenon-arc  lamp  fluorimeter  is  a  pho- 
tomultiplier  shot  noise  limited  system  (54) .     On  the  other 
hand,  at  the  limit  of  detection,  the  major  source  of  noise 
in  LILTF  is  thought  to  be  noise  on  the  background  signal, 
caused  by  scatter  of  incident  light  by  the  snowy  polycrys- 
talline  Shpol'skii  matrix.     The  pulse-to-pulse  irreproduc- 
ibility  of  the  XeCl  excimer  laser  is  >3%,  and  such  fluctua- 
tion noise  is  proportional  to  the  laser  pulse  energy.  Hence, 
any  increase  in  the  excitation  pulse  energy  over  the  conven- 
tional fluorimeter  system  with  a  continuum  (continuous  wave) 
source  would  not  improve  the  LOD,  but  instead  degrade  it. 
Similar  results  have  been  observed  in  a  separate  comparison 
study  of  fluorescence  spectrometric  determination  of  gal- 
lium- and  indium-  Rhodamine  dye  complexes  by  excitation  with 
pulsed  N2  laser  and  by  xenon-arc  sources   (55) .  Moreover, 
most  lasers  are,  unfortunately,  by  nature  considerably  nois- 
ier than  incandescent  sources.     As  a  result,  a  larger  time 
constant  (3  s)  was  needed  in  LILTF  than  in  conventional 
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Figure  17. 


Comparison  between  (a)  conventional  LTF   (A  = 
33  5.  nm)   and   (b)  XeCl  excimer  laser-inducecPl/TF 
U,,,  =308.  nm)  of  1  yg/ml  pyrene  in  n-heptane 
at^ll  K. 
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LTF   CO. 5s),  and  is  responsible  for  the  poorer  resolving 
power  of  LILTF. 

The  slow  scan  rates  used  in  site-specific  laser-excited 
Shpol'skii  spectroscopy  allow  the  use  of  large  time  con- 
stants to  smooth  out  noises,  but  the  technique  must  require 
a  monochromatic  source  of  very  small  spectral  band-width 
(such  as  provided  by  a  tunable  dye  laser  equipped  with  an 
etalon;   0.2  cm"1)  and  high  intensity,  and  cryogenic  (liquid 
He)  temperatures.  Unless  site^specif ic  excitation  is  per- 
formed, the  use  of  a  laser  of  high  intensity  for  fluores- 
cence spectrometry  in  Shpol'skii  matrices  at  77  K  may  not 
gain  anything.  In  such  a  case,  improvements  in  resolution 
and  LOD  could  probably  be  made  by  a  sacrifice  on  the  time 
factor  (i.e.,  using  slower  scan  rates  and  larger  time 
constants) . 


CHAPTER  4 

LASER-INDUCED  LOW-TEMPERATURE  PHOTOACOUSTIC 
SPECTROSCOPY  OF  POLYNUCLEAR  AROMATIC  HYDROCARBONS 
IN  SHPOL'SKII  MATRICES  AT  77  K 

Introduction 

History  of  Photoacoustic  Spectroscopy 

The  optoacoustic  or  photoacoustic  effect  was  discovered 
and  first  studied  by  Bell   (56,57),  Tyndall   (58),  and  Ront- 
gen   (59)   102  years  ago  in  1880.     They  found  that  when  a  pe- 
riodically interrupted  light  beam  was  absorbed  in  a  medium, 
an  acoustic   (or  elastic)  wave  was  generated  by  the  light-in- 
duced heating  and  subsequent  rapid  expansion  of  and  pressure 
fluctuation  in  the  medium.     The  conventional  technique  of 
optoacoustic  spectroscopy  (also  called  photoacoustic  spec- 
troscopy) utilizes  a  gas-phase  microphone  which  senses  the 
heating  and  cooling  of  the  gas  or,  in  the  case  of  a  solid, 
of  the  gas  layer  in  thermal  contact  with  the  solid  sample 
being  irradiated.     The  gas-phase  microphone  technique  has, 
however,  the  disadvantage  of  low  sensitivity  for  condensed 
matter  because  it  relies  on  inefficient  thermal  diffusion 
from  the  matter  into  a  gas.       (At  a  gas-solid  interface,  it 
is  essentially  a  thermal  detection  of  the  deexcitation  of 
optically  excited  states.)     Improvements  in  sensitivity  are 
possible  with  the  use  of  piezoelectric  transducers  in  direct 
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contact  with  solid  or  liquid  samples.     The  technique  of 
piezoelectric  detection  of  photoacoustic  (PAS)  signal  has 
been  used  since  1977   (60)  .     Piezoelectric  transducers  usu- 
ally are  made  of  barium  titanate  or  lead  zirconate  titanate 
crystals.     Acoustic  impedance,  R,  is  defined  as  the  product 

of  the  density  and  sound  propagation  velocity  of  the  medium. 

7       8  —2  1 

For  most  solids,  it  ranges  from  10  -10     kg  m    s     ;  for  most 

liquids  it  is  about  one  order  of  magnitude  smaller;  most 

gases  have  much  smaller  impedances,  on  the  order  of  500  kg 
-2  -1 

m    s       (61) .     Transmission  coefficient   (at)   is  defined  as 
the  ratio  of  the  transmitted  wave  amplitude  to  that  of  the 
incident  wave.     It  is  given  by 

at  =   (4R1R2)/(R1+R2)2  (2) 

where  R_^  is  the  acoustic  impedance  of  the  medium  i.  Since 
acoustic  impedance  matching  is  very  good  for  solid  state 
piezoelectric  detectors  directly  coupled  to  solids,  acous- 
tic transmission  exceeding  50%  from  the  solid  to  the  detec- 
tor is  quite  possible;  for  liquids,  the  transmission  gener- 
ally exceeds  10%.     This  is  in  sharp  contrast  to  the  trans- 
mission across  an  interface  between  condensed  matter  and  gas, 
where  the  transmission  is  typically  10~3%   (which  is  made  up 
somewhat  by  the  very  high  sensitivities  of  commercially 
available  gas  microphones,  e.g.,  10  mV/Nm~2)    (62,63).  Fur- 
thermore, a  linear  response   (with  respect  to  acoustic  pres- 
sure) is  possible  with  piezoelectric  transducers  over  a  very 
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broad  frequency  range  up  to  the  resonant  frequency  of  the 
transducer  (hundreds  of  MHz) .     The  fast  response  of  PZT 
transducers  is  suitable  for  impulse-transient  response  meas- 
urements.    PZT  transducers  can  be  made  to  operate  from  4  K 
to  700  K  (61) ,  and  are  simple  and  of  low  cost. 

The  photoacoustic  effect  was  demonstrated  during  the 
latter  part  of  the  nineteenth  century,  but,  after  the  ini- 
tial excitement  subsided,  the  method  rapidly  fell  into  dis- 
use.    In  the  1970s,  the  method  was  revived  primarily  because  of 
one  of  the  important  technological  advances  that  had  oc- 
curred (during  the    preceding  two  decades) — the  development 
of  the  laser.     Compared  to  conventional  incoherent  sources 
of  radiation,  laser  sources  offer  (a)  an  enormous  improve- 
ment in  collimated  optical  intensity  per  unit  optical  band- 
width,   (b)   single  frequency,    (c)   coherence,  and   (d)   low  beam 
divergence   (64) .     For  example,  the  spectral  radiance   (a  use- 
ful quantity  for  the  comparison  of  light  sources)  of  a  20  mW/ 

g 

pulse  dye- laser  is  10     times  that  of  a  1  JtW  xenon  arc  lamp 
(65).     The  exceptional  brightness  of  the  laser  is  a  result 
of  the  high  degree  of  monochromaticity  and  spatial  coherence 
that  arise  during  the  process  of  stimulated  emission.  Most 
applications  only  take  advantage  of  one  or  two  of  these  prop- 
erties.    For  photoacoustic  spectroscopy  in  Shpol'skii  ma- 
trices at  77  K,  only  laser  sources  provide  sufficient  power 
to  give  useful  signals  from  fluorescent  PAH's.     For  glass 
media  and  liquid  solutions,  the  pressure  fluctuations  in 
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photoacoustic  spectroscopy  (and  fluorescence  signals)  in- 
crease linearly  with  the  intensity  of  the  exciting  source; 
these  techniques  become  more  sensitive  as  more  powerful  op- 
tical sources  are  employed  (66,67).     Moreover,  with  the 
availability  of  pulsed  lasers,  PAS  can  be  carried  out  in  the 
pulsed  mode.     Pulsed  PAS  offers  a  unique  advantage  of  the 
ability  to  time  discriminate  against  window  or  cell  wall  ab- 
sorption, as  gated  detection  allows  us  to  detect  only  sound 
produced  by  the  illuminated  sample,  and  to  discriminate 
against  sound  produced  at  the  optical  window  or  cell  walls. 
Consequently,  the  pulsed  mode  has  potentially  higher  signal 
to  noise  ratio   (68) . 

In  recent  years,  photoacoustic  spectroscopy  has  become 
established  as  a  useful  technique  for  the  qualitative  and 
quantitative  examination  of  a  wide  variety  of  samples.  Op- 
toacoustic  signals  can  be  observed  whether  the  sample  is  a 
gas,  liquid  or  solid.     The  method  may  be  used  with  highly 
opaque  samples   (and  generally  requires  modest  sample  prepa- 
ration) .     It  is  a  very  useful,  sensitive  analytical  tool 
for  characterizing  compounds  which  do  not  exhibit  fluores- 
cence or  electrochemical  activity. 

Theory  of  Photoacoustic  Spectroscopy 

Consider  molecules,  which  absorb  the  excitation  light, 
have  only  two  energy  levels — the  ground  state  with  energy 
E0  and  the  excited  state  with  energy  E     (69) .     The  two-level 
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model  is  illustrated  in  Figure  18.     By  absorbing  a  photon, 
an  absorber  molecule  goes  from  the  ground  state  0  to  the  ex- 
cited state  1.     The  energy  difference  between  the  states  be- 
ing E^-Eq  =  hv,  where  v  is  the  frequency  of  the  absorbed  pho- 
ton.    The  molecule  can  now  lose  this  excess  energy  and  return 
to  the  ground  state  in  the  following  ways: 

(a)  radiation  of  a  photon   (fluorescence  or  phosphores- 
cence) ; 

(b)  collision  with  another  molecule  of  the  same  spe- 
cies which  is  in  the  ground  state  0  and  excitation 
to  an  excited  state  1; 

(c)  photochemical  reaction  (i.e.,  using  the  energy  to 
break  bonds) ; 

(d)  multi-photon  photoionization; 

(e)  collision  with  any  other  molecule  in  the  medium 
and  transfer  the  energy  E^Eg  to  translational 
energy  of  the  two  molecules. 

The  sound  wave  results  from  the  final  process.     The  in- 
creased translational  energy  is  just  increased  heat  energy. 
Using  thermodynamics,  at  constant  volume  V,  the  change  in 
translational  temperature  T  and  the  change  in  translational 
energy  per  unit  volume  K  (Jkg-1m~3)   are  related  by   (69) : 

d  K  =   (3K/9T)vdT  +    (3K/3V)TdV  =    (9K/3T)vdT  =  CydT  (5) 

where  Cy  =  specific  heat  per  unit  volume  at  constant  volume 

resulting  from  translational  motion   ( Jkg~1K~1m~3) . 
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E, 


Radiative  transitions  (from  an  intial  level  i  to  a  final 
level  j) : 


13 


_  number  of  induced  transitions  per  cm    per  s 
number  of  molecules  per  cm 


=  p  B. .   +  A. 
v  id  id 


(3) 


where         =  B.^  =  Einstein  coefficients  for  stimulated 

-1  -1  3 
emission  i-*-j   (s    J    m  Hz) 

A^j  =  Einstein  coefficients  for  spontaneous 

emission  i+j  (s~^) 

(Ai;.=0  if  Ej^E^) 

and         =  radiation  density  at  energy  Ev  (=hv=E^-Ej) 

(J  m"3Hz_1) . 

Non-radiative  transitions: 

k      _  number  of  collisional  transitions  per  cm    per  s 


ID 


number  of  molecules  per  cm" 


(4) 


Figure  18.     Schematic  representation  of  the  two  energy  level 
system  showing  the  radiative  U)  and  non- 
radiative  (k)  transitions. 
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After  local  thermal  equilibrium  is  reached,  this  released 
energy  has  heated  the  medium  to  a  higher  temperature.  As- 
suming that  the  medium  is  an  ideal  gas,  PV=nRT,  where  P  is 
the  pressure  of  the  gas   (Nm~2) ,  V  is  its  volume   (m3) ,  n  is 
the  number  of  moles  of  gas   (mol) ,  R  is  the  gas  constant 
(8.3143  NmK  1mol~1)  and  T  is  the  local  equilibrium  tempera- 
ture in  the  gas   (K) .     Since  R  and  V  are  constant,  the  in- 
crease in  T  induces  a  similar  increase  in  P.     If  the  radia- 
tion is  modulated  at  a  rate  slow  compared  to  the  rate  of 
process   (e) ,  the  modulation  in  temperature  is  seen  as  a  mod- 
ulation in  P.     As  a  pressure  wave  is  simply  a  sound  wave, 
the  modulated  light  has  produced  a  sound  wave.     This  phenom- 
enon is  what  we  call  the  photoacoustic  effect. 

Explicit  mathematical  details  for  the  derivation  of  ex- 
pressions for  the  amplitude  and  the  phase  lag  of  the  pres- 
sure  (acoustic)  wave  associated  with  the  time-dependent 
changes  in  the  level  densities   (number  of  molecules  per  unit 
volume  in  level  i) ,  n.^  for  a  two-level  system,  as  well  as 
for  the  generalized  (n+1) -level  system,  can  be  obtained  from 
the  chapter     "Energy  Transfer  Mechanisms"    written  by  J.D. 
Stettler  and  N.M.  Witriol   (69),  and  literature  elsewhere  (70). 

PAS  can  be  carried  out  in  either  chopped  or  pulsed 
modes.     In  the  former  case,  light  "pulses"  are  coupled  to 
standing  acoustic  waves  in  the  cell,  and  these  standing 
waves  are  detected  with  a  phase-sensitive  acoustic  or  pres- 
sure transducer.     In  the  latter  case,  the  propagating 


71 

ballistic  wave  is  detected   (71) .  The  theory  and  mathematics  o 
the  photoacoustic  signal  generation  in  a  liquid  or  solid 
arising  from  the  absorption  of  a  light  beam  the  intensity  of 
which  varies  with  time  have  been  reviewed  and  summarized  by 
Patel  and  Tam  (.63)  ,  and  have  been  extended  by  Liu  (72)  . 

With  an  input  (pulse)  energy  of  EQ  (Joules  per  pulse) , 
the  energy  absorbed  by  the  illuminated  medium  having  an 
absorption  coefficient  of  a  (cm~^)  and  length  1   (cm)   is  given 
by  (63): 

E  .     =  E  (l-e~a£) 
abs        o  ' 

-  EQaJt  for  al«l  (6) 

Assuming  that  non-radiative  relaxation  predominates,  the 
thermal  energy  is  given  by: 

Eth  -  Eabs  =  V*  {7) 
The  rise  in  temperature,  AT  (K) ,  of  the  illuminated  volume 
can  be  calculated  from: 

Eth  =  CPVPAT  (8) 
where    V  =  illuminated  volume  =  ttR2£  (cm3) 

—  3 

p  =  density  of  medium  (g  cm  ) 
and  Cp  =  specific  heat  at  constant  pressure  (J  g-1K-1) 


Therefore, 


AT  =  Eoa/irR2Cpp  (9) 
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If  we  assume  adiabatic,  isobaric  expansion,  with  AR  (cm)  be- 
ing the  increase  in  the  radius  R  (cm)  of  the  illuminated 
volume  (Figure  19) ,  we  can  calculate  the  new  volume  of  the 
illuminated  region: 

2  2 

tt(R+AR)    I    -  irR  %  =  BVAT  (10) 
where  3  =  volumetric  thermal  expansion  coefficient 
(K_1)  . 

For  AR<<R 

_   gVAT  _  Vg 
AR       2ttR£  "  2TTRC  p 

This  expansion  creates  a  pressure  wave  which  travels  radially 
outwards   (from  the  illuminated  cylinder)  at  the  velocity  of 

sound  v     (cm  s~^) . 
a 

— 1    —  2 

The  change  in  pressure  p  (g  cm      s     )   created  at  a  de- 
tection point  0  is  related  to  the  displacement  Ax  through 

p  =  2TTfavapAx  (12) 

where  f&  =  frequency  of  the  ultrasonic  wave  (Hz). 
But  Ax  is  proportional  to  AR: 

Ax  =  const  •  AR  (13) 

Thus , 

p  =  const- f,/R-6v  /C  -E  a 
a  a    p  o 

=  const' • $v  /C  «E  a  (ia) 

a      p      o  v  -"-^ ' 
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Figure  19.     Theoretical  calculation  of  the  pulsed  ohoto- 
acoustic  effect. 
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The  electrical  signal  output  from  the  piezoelectric  trans- 
ducer is  given  by: 

VQA  =  const ' .  p 

=  K' . 3va/Cp.EQa  (15) 

where  K 1  =  constant  that  includes  the  geometrical  para- 
meters and  response  properties  of  the  piezo- 
electric transducer  and  pyroelectric  energy 
meter, 

or,  the  normalized  optoacoustic  signal  S  is  given  by: 

S  =  VQA/Eo  =  K'.6va/Cp.a  =  Ka  (16) 

where  K  =  responsivity  (V  raj'^cm"^")  . 

Equation  (16)   is  the  basis  of  quantitative  pulsed 
photoacoustic  spectroscopy.  Hence  media  with  large  thermal 
expansion  coefficient  (6) ,  low  specific  heat  (Cp) ,  and  high 
ultrasonic  velocity  (v  )  have  high  photoacoustic  detection 
efficiency  (i.e.,  good  light-induced  pressure  fluctuation). 

In  general,  photoacoustic  signals  are  much  more  complex 
than  predicted  by  any  theoretical  equation.  First,  the  sig- 
nal must  decay  to  zero  as  t-*°°,  due  to  frictional  losses. 
Secondly,  electrical  and  mechanical  ringing  due  to  impedance 
mismatches,  as  well  as  acoustic  reflections  in  the  cell, 
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electro strictive  coupling,*  and  detector  resonances,  all 
contribute  to  the  complexity  of  the  signal   (.63,  71). 


Low-Temperature  Photoacoustic  Spectroscopy 

Low- temperature  studies  of  organic  and  inorganic  com- 
pounds was  suggested  by  Rosencwaig   (73)   in  1980  as  one  new 
area  in  the  future  trends  of  photoacoustics  and  photoacoustic 
spectroscopy.  At  cryogenic  temperatures,  optical  absorption 
spectra  often  exhibit  much  sharper  and  less  complex  features 
than  the  corresponding  room- temperature  spectra  (74) .  The 
use  of  piezoelectric  detection  for  high-resolution,  laser- 
induced  optoacoustic  spectroscopy  at  cryogenic  temperatures 
was  first  reported  by  Shaw  and  Howell  in  1981  (74) .  A 
ceramic  disc  piezoelectric  transducer  was  compressed  in  a 
copper  clamp  along  with  a  fused  quartz  substrate  on  which 
the  sample  was  applied.  Spectra  of  cubic  neodymium  sesqui- 
oxide,  Nd203,  cooled  to  less  than  10  K,  in  the  yellow 


*Electrostrictive  coupling  is  the  interference  due  to 
the  acoustic  pulse  generated  in  electrostriction  processes 
in  the  laser-induced  region.  A  tight  focusing  of  the  incident 
laser  beam  gives  rise  to  high  optical  intensities  and  corres- 
pondingly high  optical  frequency  electric  fields.  A  positive 
or  negative  polarizability  of  the  molecules  in  the  sample 
causes  the  molecules  to  move  towards  or  away  from  regions  of 
higher  optical  intensities.  The  electrostrictive  effect  is 
proportional  to  the  laser  intensity,  has  only  very  weak 
dependence  on  laser  wavelength,  and  decreases  with  increasing 
laser  pulse  length.  The  electrostriction  signal  is  estimated 
to  be  of  comparable  size  to  that  arising  from  optical 

S2Jh    I  a  =  10 'u    Cm    '  and  there  is  no  reasonable  way 
m  which  the  two  can  be  separated. 


spectral  region   (16  400  to  17  400  cm    )  exhibited  sharp 
lines  of  full  width  at  half  maximum  10  cm"'''.     Such  spectral 
sharpening,  and  simplification,  upon  cooling  the  sample  en- 
hance selectivity  for  analysis  of  mixtures. 

The  optoacoustic  effect  is  the  generation  of  an  acous- 
tic wave  in  a  radiationless  decay  process  after  a  species 
is  excited  by  the  absorption  of  light.     Thus,  it  is  comple- 
mentary to  luminescence  techniques   (52)   in  the  acquisition 
of  information  on  electronic  transitions  and  energy  levels. 
Unfortunately,  the  severe  lack  of  selectivity  due  to  broad 
molecular  absorption  bands  at  room  temperature  makes  it  dif- 
ficult to  work  with  multicomponent  mixtures   (75)  and  hence 
of  less  use  as  an  analytical  technique.     Consequently,  I 
felt  the  idea  of  narrowing  the  absorption  bands  by  freezing 
the  sample  in  a  Shpol'skii  matrix  at  77  K  was  worthy  of  in- 
vestigating to  enhance  selectivity. 

The  linearity  of  the  PAS  signal  amplitude  versus  the 
laser  pulse  energy   (Equation  15)   has  been  verified  for  the 

linear  absorption  PAS  of  various  liquids  at  various  absorp- 

-3      -1  -5 
tion  levels   (from  larger  than  10       cm      to  smaller  than  10 

cm    )    (63) .     The  low  incident  pulse  energies  of  dye  lasers 
seem  to  be  detrimental  to  PAS  limits  of  detection.     It  has, 
however,  been  shown  that,  because  of  the  "levelling  effect" 
that  the  PAS  signal  does  not  increase  indefinitely  with  in- 
cident pulse  energy  and  of  the  greatly  increased  blank  noise, 
it  is  not  possible  to  improve  photoacoustic  LOD's  by  greatly 
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increasing  the  incident  laser  pulse  energy.  The  LOD's 
obtained  by  using  excimer  excitation  which  had  a  pulse 
energy  of  8  0  mJ  were  worse  than  the  LOD's  obtained  by 
using  ^  laser  excitation  with  a  pulse  energy  of  1.6  mJ 
(52) .  For  comparison  purposes,  ^  laser-induced  low- 
temperature  PAS  of  3 , 4-benzopyrene  at  77  K  was  performed, 
and  the  characteristics  and  figures  of  merits  of  low- 
temperature  PAS  in  frozen  Shpol'skii  matrices  were 
investigated. 


Experimental 

The  experimental  set-up  for  dye- laser- induced  photo- 
acoustic  spectroscopy  of  polynuclear  aromatic  hydrocarbons 
in  Shpol'skii  matrices  at  77  K  is  illustrated  in  Figure  20. 
A  Lumonics  TE-861S  XeCl  excimer  laser  (Lumonics  Research 
Limited,  Ottawa,  Ontario,  Canada)   lasing  at  308  nm,  oper- 
ated at  35  kV  (pulse  energy  =  4  0  mJ) ,  with  an  approximately 
5  ns  pulse  width  was  used  to  excite  a  Molectron  DL-14  tun- 
able dye-laser  (Molectron  Corporation,  Sunnyvale,  CA)  at  a 
repetition  rate  of  20  Hz;  it  has  been  found  that  the  ob- 
served PAS  signals  are  independent  of  the  repetition  rate  up 
to  60  Hz  with  a  6  ns  pulse  width  (71) .  The  dye-laser  in- 
cludes a  dye  amplifier  assembly  to  improve  system  efficiency 
to  ^15%.  The  dye  laser  output  beam  was  passed  through  a 
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quartz  plate  beam  splitter.     The  transmitted  beam  was  fo- 
cused with  a  f/2  quartz  lens  approximately  1  cm  in  front  of 
the  quartz  tube  sample  cell.     Prefocusing  the  beam  gave  bet- 
ter signals  than  focusing  the  beam  on  the  front  surface  of 
the  frozen  Shpol'skii  matrix,  which  was  a  snow,  since  exces- 
sive scatter  was  avoided.     The  beam  was  positioned  at  the 
center  of  the  sample  to  give  a  more  stable  signal  output. 
The  reflected  beam  from  the  beam  splitter  was  passed  through 
a  f/2  quartz  lens  and  was  focused  on  the  sensor  element  of 
a  laboratory-constructed  pyroelectric  energy  meter  which  has 
been  calibrated  against  a  Molectron  model  J3-05  pyroelectric 
joulemeter . 

Microphones  and  pre-amplif iers  which  worked  at  low  tem- 
peratures have  been  made  by  Pichon  et  al.    (76).     A  photo- 
acoustic  cell  for  the  4.2-300  K  temperature  range  has  been 
described  by  Kuhnert  and  Helbig   (77).     The  microphone  as 
well  as  the  pre-amplif ier  were  placed  outside  the  cryostat 
and  were  kept  at  room-temperature.     A  stainless  steel  (1.1 
mm  diameter)  resonance  tube  connected  the  microphone  with 
the  sample  cell  which  consisted  of  an  Infralux  tube  with 
stainless  steel  bottom.     A  novel  quartz  tube  sample  cell  and 
attached  piezoelectric  transducer  for  low- temperature  photo- 
acoustic  spectroscopy  is  shown  in  Figure  21.     The  sample 
cell  was  made  of  a  Suprasil  quartz  tube  of  3.0  mm  i.d.  and 
1.0  mm  wall  thickness   (Thermal  American  Fused  Quartz  Co., 
Montville,  NJ) .     The  upper  open  end  was  polished  to  facilitate 


80 


PIEZOELECTRIC 
TRANSDUCER 
TUBE 


SUPER GLUE 

ALUMINUM 
COUPLING 
CYLINDER 


EXCITATION  r»\ 
RADIATION  \S 


RUBBER  GROMMET 


.  TO 

V>  PRE- AMPLIFIER 


SHIELDING  BOX 


TEFLON  SLEEVE 


CYLINDRICAL  COVER 


PHENOLIC  RING 


Kf*  N2  FLUSH  STREAM 


QUARTZ  TUBE  CELL 

DEWAR  FLASK 

LIQUID  N2 
OPTICAL  WINDOW 
FROZEN  SAMPLE  MATRIX 

SAMPLE  COMPARTMENT 


Figure  21.     Schematic  diagram  of  low- temperature  piezo- 
electric-transducer photoacoustic  cell. 
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escape  of  scatter  light  from  the  sample  cell.     An  aluminum 
cylinder  was  machined  to  fit  snuggly  around  the  sample  tube 
and  into  the  PZT-5A  piezoelectric  ceramic  tube  of  0.5  in 
length,  0.5  in  outside  diameter  and  0.031  in  thickness,  and 
^20  yV/Nm      piezoelectric  sensitivity  (Vernitron  Piezoelec- 
tric Division,  Bedford,  OH).     Superglue  was  used  at  the  in- 
terfaces to  couple  them  together.     The  inner  surface  of  the 
aluminum  cylinder  was  polished  to  reflect  stray  and  scatter 
light,  hence  minimizing  the  resulting  interference;  the  re- 
flectance of  a  clean,  polished  aluminum  surface  in  air  is 
90%  at  1.96  eV  (78).     The  transducer  was  enclosed  in  a  me- 
tallic aluminum  box  and  shielded  from  external  electric 
fields.     Rubber  grommets  reduced  acoustical  coupling  between 
the  quartz  tube  and  the  enclosure  wall. 

The  quartz  tube  was  fitted  into  a  Teflon  cylinder  sleeve 
which  could  be  rigidly  held  in  place  in  an  aluminum  cylinder 
cover  and  copper  sample  compartment  assembly  (35) .     A  Dewar 
flask  containing  liquid  N2  was  accommodated  inside  the  sam- 
ple compartment  to  cool  the  sample  to  77  K.     Nitrogen  gas 
was  flushed  into  the  sample  compartment  to  avoid  frost  forma- 
tion on  the  optical  tip  of  the  Dewar  flask.     Excitation  illu- 
mination was  admitted  through  a  windowless  port  on  the  side 
of  the  sample  compartment. 

The  piezoelectric  ceramic  transducer  represents  a  high- 
impedance  detector,  so  a  high  quality  impedance-matching  pre- 
amplifier is  essential.     The  photoacoustic  signal  produced  by 
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the  PZT-5A  transducer  was  amplified  with  a  pre-amplif ier , 
having  a  voltage  gain  of  37.5,  frequency  response  of  28  kHz 
to  400  kHz   (-3  dB) ,  to  discriminate  against  strong  ambient 
electrical  and  mechanical  noises  in  the  laboratory  at  fre- 
quencies usually  £l  kHz   (68) ,  and  root-mean-square  noise 
voltage  of  4  uV  (79) .     The  pre-amplif ier  output  was  ampli- 
fied with  a  PAR  211  amplifier   (EG&G  Princeton  Applied  Re- 
search, NJ)  with  adjustable  gain  1  to  1000  and  frequency  re- 
sponse  (-3  dB)  of  1  Hz  to  1  MHz.     The  amplifier  output  was 
processed  by  a  PAR  model  160  boxcar  integrator/averager  with 
gate  duration  of  0.5  us.     The  usual  method  of  analyzing  PAS 
signals  has  been  to  relate  arbitrarily  the  magnitude  of  the 
first  peak  in  the  PAS  signal  waveform  to  the  strength  of  the 
optical  absorption.     However,  the  gate  delay  was  varied  be- 
tween 51  to  56  ys   (depending  on  the  sample  volume  and  the 
vertical  position  of  the  excitation  beam)  to  select  the  sec- 
ond positive  excursion  of  the  damped  ringing  signal  due  to 
the  combined  effects  of  the  ringing  of  the  PZT  transducer, 
multiple  acoustic  reflections  in  the  cell,  and  absorptions 
at  the  cell  walls   (68)  ,  since  the  first  excursion  was 
smaller  than  the  second  one.     An  instrumental  time  constant 
of  100  us,  equivalent  to  an  observed  time  constant  of  5  s, 
was  used.     Since  individual  acoustic  transients  have  a  very 
low  signal- to- noise  ratio,  a  boxcar  integrator/averager  was 
used  to  sum  up  and  average  the  transients  to  raise  the  sig- 
nal-to-noise level.     The  boxcar  averager  and  a  Hitachi 
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V-152B  oscilloscope  (Hitachi  Denshi,  Ltd.,  Japan),  used  for 
monitoring  of  the  signal  and  gate,  were  triggered  by  the 
excimer  laser-photodiode-pulse  stretcher  (photodiode-boxcar 
interface)  optoelectrical  system.     The  boxcar  output  was  ac- 
quired with  the  X  input  of  a  laboratory-constructed  ratio- 
meter  . 

The  energy  of  the  reflected  beam  from  the  beam  splitter 
was  monitored  with  the  pyroelectric  energy  meter.     The  meter 
output  was  amplified  by  a  scaler  with  adjustable  gain  of  1 
to  100,  was  processed  with  a  peak  detector  (52),  and  was  ac- 
quired with  the  Y  input  of  the  ratiometer.     The  photoacous- 
tic  signal  could  thus  be  normalized  for  power  variation  and 
laser  fluctuation  (80) .     The  normalized  signal  X/Y  was  fil- 
tered by  a  RC-series  low-pass  filter  of  1  s  time  constant 
before  feeding  into  an  Omniscribe  B5217-5I  chart  recorder 
(Houston  Instrument,  Austin,  TX) . 

To  scan  the  photoacoustic  absorption  spectrum  within 
the  response  curve  of  an  appropriate  dye   (PBD,  BBQ,  or  DPS) 
(Exciton  Chemical  Co.,  Inc.,  Dayton,  OH),  the  standard  PAH 
solution  (%150  ul)  was  rapidly  frozen  in  the  quartz  tube 
sample  cell  to  boiling  N2  temperature  (77  K) .     The  vertical 
and/or  horizontal  position  of  the  sample  cell  relative  to 
the  laser  excitation  beam  was  slightly  adjusted  to  obtain 
the  maximum  signal  amplitude  and  a  reasonably  smooth  trace 
as  observed  on  the  oscilloscope.     The  gate  delay  of  the  box- 
car averager  was  varied  so  that  the  gate  superimposed  the 
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selected  photoacoustic  peak  to  be  monitored.  The  speed  of  the 
DL245  grating  scan  control  for  the  Molectron  DL-14  tunable 
dye-laser  was  switch-selected  at  10,  which  corresponded  to  a 
scan  speed  of  approximately  15  X/min.  The  strip  chart 
recorder  was  operated  at  a  chart  speed  of  1.25  cm/min.  The 
peak  detector  output  was  recorded,  simultaneously  with  the 
ratiometer  output,  on  the  second  channel  as  a  measure  of  the 
dye- laser  output  energy.  The  experiment  would  be  repeated 
with  the  pure  n-alkane  solvent  to  obtain  the  blank  absorption 
spectrum. 

A  single-beam  configuration  was  employed  for  the  experi- 
mental set-up  used  for  ^  laser-induced  photoacoustic  spec- 
troscopy of  PAH's  in  Shpol'skii  matrices  at  77  K,  as  illus- 
trated in  Figure  22.  A  Molectron  UV-14  N2  laser  (Molectron 
Corp.,  Sunnyvale,  CA)  lasing  predominantly  at  337.1  nm  pro- 
duced pulses  of  ^1.3  mJ  and  10  ns  full  width  at  half  maximum 
at  a  repetition  rate  of  20  Hz,  as  triggered  by  a  Wavetek  model 
802  pulse  generator  (Wavetek,  San  Diego,  CA) .  The  laser  beam 
was  focused  on  the  front  surface  of  the  frozen  polycrystalline 
n-alkane  matrix  in  the  quartz  tube  sample  cell.  The  detector 
arrangement  (Figure  23)   is  of  a  different  design  which 
employed  a  PZT-5A  ceramic  disc   (12.7  mm  diameter,  3  mm  thick- 
ness) adhered  to  a  flat  surface  of  an  aluminum  coupling 
cylinder  that  was  attached  to  the  quartz  tube  by  a  nylon 
screw.  The  sensitivity  of  this  detector  system  was  found  to 
be  2.5  times  worse  than  that  of  the  quartz  tube  sample  cell 
and  attached  PZT  tube  transducer  system  (Figure  21)  by 
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Figure  23. 


Schematic  diagram  of  quartz  tube  sample  cell 
and  attached  piezoelectric  ceramic  disc 
transducer  arrangement. 
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comparing  the  BBQ  dye-laser-induced  low-temperature  PAS 
signals  from  a  2  ug/ml  standard  solution  of  9 f 10-dimethyl- 
anthracene  in  n-hexane  at  378.5  nm.  The  detector  output  was 
amplified  with  a  pre-amplif ier  of  voltage  gain  37.5  described 
before  (79) .  The  PAR  211  amplifier  output  was  acquired  with 
a  PAR  model  162  averager/model  164  gated  integrator,  the 
output  of  which  was  displayed  on  a  Fluke  8000A  digital  multi- 
meter  (John  Fluke  Mfg.  Co.,  Mountlake  Terrace,  CA) . 

Results  and  Discussion 

The  sensitivity  of  the  quartz  tube  sample  cell  and  at- 
tached piezoelectric  transducer  detection  system  was  evalu- 
ated by  using  9-methylanthracene  and  9 , 10-dimethylanthracene 
in  n-hexane  solutions  as  standards.  The  two  liquid  samples 
were  measured  by  the  present  system  and  by  the  cuvette  cell/ 
attached  PZT  disc  transducer  system  reported  before  (7  9) , 
consecutively,  at  the  peak  wavelength  (378  nm)  of  the  PBD 
dye  response  curve  under  similar  conditions  at  room  tempera- 
ture. For  both  PAH's,  the  sensitivity  of  the  quartz  tube 
system  was  within  +10%  of  the  sensitivity  of  the  cuvette 
system,  in  the  linear  range  of  the  calibration  curves  for  the 
tested  PAH's,  despite  the  reduced  path  length  (3  mm)  of  the 
former  as  compared  with  the  latter   (10  mm)    (Figure  24) .  This 
indicates  that  the  present  design  of  an  external  attached- 
transducer  photoacoustic  cell  for  low-temperature  analysis, 
like  the  piezoelectric  (74)  and  gas-microphone  (81) 
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Figure  24.     PBD  dye-laser-excited  room-temperature  PAS 

response  curves  for  (a)   9 , 10-dimethylanthracene 
and  (b)   9-methylanthracene  in  n-hexane  as 
detected  by  the  cuvette  cell/PZT  disc   (o)  and 
quartz  tube  cell/PZT  tube  (•)  transducer 
systems. 
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ones  described  before,  is  suitable  for  the  sensitive  detec- 
tion of  photoacoustic  signals  induced  in  frozen/solid  ma- 
trices immersed  in  cryogenic  baths. 

Several  PAH's  were  chosen  for  examination  by  Shpol'skii 
effect  low- temperature  photoacoustic  spectroscopy  at  77  K. 
These  PAH's  exhibited  narrow-banded  and  line-rich  guasilin- 
ear  absorption  (i.e.,  luminescence  excitation)   spectra  in 
the  spectral  range  from  360  to  416  nm  which  is  covered  by 
the  response  curves  of  the  PBD,  BBQ,  and  DPS  dyes,  as  shown 
in  Table  8.     Initial  studies  involved  concentrations  varying 
from  1  to  6  ug/ml  of  PAH's  dissolved  in  their  corresponding 
n-alkane  Shpol'skii  solvents,  however,  poor  signal-to-noise 
ratio  spectra  were  observed.     Polynuclear  aromatic  hydrocar- 
bons have  been  well  known  as  efficient  fluorophors,  and  pho- 
toacoustic detection  of  the  energies  released  in  radiation- 
less  relaxation  processes  is  not  optimal;  their  dye-laser- 
excited  photoacoustic  spectroscopy  limits  of  detection  (LOD) 
at  298  K  have  been  reported  to  be  in  the  range  from  tens  of 
ng/ml  to  yg/ml,  and  were  at  least  4  orders  of  magnitude 
worse  than  the  corresponding  dye-laser-excited  fluorescence 
LOD's   (52).     Because  of  the  severe  light  scatter  by  the  snow 
formed  in  the  frozen  n-alkane  matrix,  the  depth  to  which  the 
excitation  radiation  can  penetrate  the  sample  is  reduced, 
thus  decreasing  the  number  of  excited  and  emitting  and  ra- 
diationlessly  relaxing  species.     In  addition,  an  increase  in 
scatter  increases  the   (blank)  noise  and  standard  deviation 
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Table  8.  Selection  of  PAH's  Examined  by  Low- 
Temperature  Photoacoustic  Spectros- 
copy at  77  K. 


PAH 


Shpol 1 skii 
Solvent 


PBD  BBQ  DPS 

(360-386    (373-399  (396-416 
nm)  nm)  run) 


9-Methylanthracene 

9 , 10-Dimethylanthra- 
cene 

Perylene 

2 -Me thy lanthr acene 

Anthracene 

1 , 12-Benzopery lene 

3 , 4-Benzopyrene 


n-Hexane 
n-Hexane 

n-Heptane 

n-Octane 

n-Octane 

n-Octane 

n-Octane 


x 

x 
x 

X 
X 
X 
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of  the  sample  signal   (34).     In  Chapter  2,  it  has  been  shown 
that  conventional  fluorescence  spectrometry  in  Shpol'skii 
matrices  at  77  K  is  approximately  3  orders  of  magnitude  less 
sensitive  than  room-temperature  fluorimetry.  Consequently, 
the  LOD's  for  dye-laser-excited  photoacoustic  spectroscopy 
in  Shpol'skii  matrices  at  77  K  would  be  expected  to  be  on 
the  order  of  magnitude  of  yg/ml  and  above,  depending  on  the 
incident  pulse  energy  of  the  dye-laser  excitation  beam. 

Subsequently,   low- temperature  photoacoustic  spectra  of 
PAH's  in  Shpol'skii  matrices  were  obtained  at  the  higher  con- 
centrations of  tens  of  yg/ml.     An  example  is  shown  in  Figure 
25  for  26  yg/ml  of  9 , 10-dimethylanthracene  in  n-hexane  at 
77  K.     The  sample  signal  level  is  sufficient  for  detection. 
The  noise  in  the  sample  signal  is  caused  by  the  scatter  ef- 
fect discussed  above  and  by  the  normalization  of  the  signal 
by  the  reference  beam  energy,  since  the  latter  was  acquired 
with  a  peak  detector  that  did  not  average  out  the  approx- 
imately +5%  pulse-to-pulse  instability  of  the  dye  laser  out- 
put.    This  noise  could  be  reduced  if  a  second  boxcar  averager 
were  used  in  the  acquisition  of  the  reference  beam  energy 
or  if  pulse  per  pulse  normalization  by  a  fast  computer  were 
adopted.     However,  the  spectrum  does  not  exhibit  the  high 
resolution  expected  from  the  Shpol'skii  effect,  although  a 
comparison  with  the  room-temperature  photoacoustic  spectrum 
for  the  same  PAH   (Figure  26),  obtained  by  using  the  liquid- 
phase  photoacoustic  cell  reported  before   (79),  indicates 
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Figure  25.     Low- temperature  photoacoustic  spectra  of  (a) 
26  ug/ml  9 , 10-dimethylanthracene  in  n-hexane, 
(b)  n-hexane  at  77  K  in  PBD  dye  response  region, 
and  (c)  dye-laser  output  energy  curve. 
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Figure  26. 


Room-temperature  photoacoustic  spectrum  of 
53  ug/ml  9 , 10-dimethylanthracene  in  n-hexane 
in  PBD  dye  response  region. 
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reduction  in  thermal  broadening  by  cooling  the  sample  down 
to  77  K.     There  is  some  correspondence  between  the  peak 
wavelengths  of  the  absorption  maxima  in  the  low-temperature 
photoacoustic  spectrum  and  the  low-temperature   (77  K)  fluor- 
escence spectrum  in  the  same  n-alkane  matrix,  obtained  with 
the  spectrof luorimeter  described  in  Chapter  2  and  shown  in 
Figure  27.     The  lack  of  high  resolution  is  a  result  of  low 
signal  levels  at  the  reasonably  low  concentrations  required 
by  the  Shpol'skii  effect.     The  standard  calibration  curve 
for  dye -laser-induced  LTPAS  of  9 , 10-dimethylanthracene  in 
n-hexane  at  77  K  at  371.0  nm  is  shown  in  Figure  28.  Unlike 
the  standard  calibration  curve  for  Shpol'skii  effect  fluores- 
cence (Figure  5a) ,  the  slope  of  the  LTPAS  standard  calibra- 
tion curve  does  not  deviate  significantly  from  unity  up  to 
130  yg/ml,  implying  the  linearity  of  the  primary  absorption 
process  with  concentration,  the  lack  of  self-absorption  and 
the  lack  of  pre-filter  and  post-filter  absorptions.  Rever- 
sal in  slope  is  not  observed  up  to  500  yg/ml  since  photo- 
acoustic  detection  is  a  total  detection  mode  so  that  line 
broadening  due  to  site-to-site  interaction  at  high  concen- 
trations of  PAH  molecules  would  not  affect  the  total  radia- 
tionless  relaxation  energy  detected.     The  levelling-of f  at 
high  concentrations  is  the  normal  deviation  from  Beer-Lam- 
bert law  and  probably  attributed  to  thermal  saturation  ef- 
fect in  PAS   (82) . 
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Figure  27. 


Conventional  fluorescence  excitation  spectrum 
of  1  ug/ml  9,10-dimethylanthracene  in  n-hexane 
at  77  K  in  the  spectral  region  365  to  385  nm. 
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Shpol'skii  fluorescence  is  best  utilized  in  the  yg/ml 
and  sub-yg/ml  regions,  since  the  full  width  at  half  maximum 
of  luminescence  bands  increases  dramatically  at  10  yg/ml 
and  higher  concentrations   (Figure  5a) .     However,  dye-laser- 
excited  low- temperature  photoacoustic  spectroscopy  of  PAH's 
in  Shpol'skii  matrices  has  limits  of  detection  in  the  yg/ml 
region,  and  high  resolution  is  deficient  at  increased  con- 
centrations.    Thus,  the  use  of  laser-induced  photoacoustic 
spectroscopy  as  a  supplement  to  the  analysis  of  PAH's  in 
mixtures  by  Shpol'skii  fluorescence  is  limited.     Other  trans- 
parent low- temperature  matrices  such  as  glasses  should  be 
more  promising  in  the  sense  of  rendering  reduction  in  thermal 
line  broadening  while  giving  enhanced  sensitivity  for  the  de- 
tection of  PAH's  in  mixtures  simultaneously  with  fluores- 
cence detection. 

The  characteristics  of  low- temperature  PAS  in  a  frozen 
polycrystalline  n-pentane  matrix  as  detected  by  the  quartz 
tube/attached  PZT  disc  transducer  arrangement   (Figure  23)  was 
studied  with  the  single-beam  N_  laser-excitation  experimental 
set-up.     The  amplitude  and  time  delay  of  the  third  positive 
excursion  of  the  pulsed  ringing  low- temperature  PAS  signal 
were  measured  for  various  sample  solution  volumes,  and  hence 
heights,  in  the  quartz  tube  sample  cell.     The  laser  beam  po- 
sition was  fixed  throughout  the  whole  experiment.     As  can  be 
seen  in  Figure  29,  there  was  a  linear  dependence  of  (the 
change  in)  delay  time  on   (the  change  in)   sample  volume  (or 
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distance  that  the  ballistically-propagating  PAS  signal  trav- 
elled in  the  polycrystalline  n-pentane  matrix) .     The  recip- 
rocal of  the  gradient  was  found  to  be  1x10^  cm  sec"\  which 
should  correspond  to  the  ultrasonic  velocity  in  frozen  n-pen- 
tane at  77  K  (63)    (as  compared  to  1.016xl05  cm  sec"''"  for  the 
case  of  n-pentane  at  20°C)    (83).     The  deviation  from  linear- 
ity for  the  sample  height  of  5.5  in  was  probably  due  to  the 
failure  to  freeze  the  uppermost  portion  of  the  sample  in 
the  liquid  N2  Dewar  flask.     The  above  observation  points  to 
the  fact  that  the  acoustic  waves  generated  at  the  incident 
point  of  the  laser  beam  actually  travelled  in  the  frozen 
polycrystalline  n-pentane  matrix  to  the  very  top  (the  ma- 
trix-air interface)  before  they  launched  into  the  quartz 
tube  substrate  and  reached  the  transducer,  instead  of  launch- 
ing into  the  quartz  tube  at  the  point  of  laser  beam  inci- 
dence and  travelling  up  the  quartz  substrate.     This  knowl- 
edge is  important  in  the  design  of  PAS  cells  for  solid  me- 
dia.    The  PAS  signal,  on  the  other  hand,  did  not  change  sig- 
nificantly with  various  sample  volumes,  indicating  the  small 
absorptions  of  acoustic  waves  in  the  polycrystalline  n-pen- 
tane matrix  at  77  K. 

The  sensitivity  of  N2  laser-induced  LTPAS  of  3,4-benzo- 
pyrene  in  n-pentane  and  n-octane  at  77  K  is  shown  in  the 
standard  calibration  curves  in  Figure  30.     In  both  n-alkane 
matrices,  the  LOD  for  3 , 4-benzopyrene  was  on  the  order  of 
magnitude  of  50  ng/ml,  which  is  2  orders  of  magnitude  higher 
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than  the  0.6  ng/ml  for  the  N2  laser-induced  room- temperature 
PAS  LOD  (52) .  The  curves  have  nearly  unity  slopes  below 
1  yg/ml,  but  deviate  negatively  above  1  yg/ml.  Again,  like 
the  standard  calibration  curve  for  dye-laser-induced  LTPAS 
of  9,10-dimethylanthracene  (Figure  28) ,  no  reverse  in  slope 
was  observed,  as  contrast  to  low- temperature  Shpol'skii 
effect  fluorescence  (Figure  5(a)).  The  experimental  results 
show  that  frozen  n-pentane  matrix  at  77  K  gave  a  slightly 
higher  photoacoustic  detection  efficiency  than  frozen 
n-octane  matrix.  The  relative  photoacoustic  detection 
efficiency  can  be  predicted,  in  accordance  with  Equation  (16) , 
from  the  thermal-elastic  properties  of  the  medium:  media 
with  large  thermal  expansion  coefficient  (6) ,  low  specific 
heat  (C  ) ,  and  high  ultrasonic  velocity  (v  )  have  high 
photoacoustic  detection  efficiency. 


CHAPTER  5 

LASER- INDUCED  LOW-TEMPERATURE  PHOTOACOUSTIC 
SPECTROSCOPY  OF  POLYNUCLEAR  AROMATIC  HYDROCARBONS 
IN  GLASSY  MEDIA  AT  77  K 

Introduction 

Solvents  at  low  temperatures  are  either  crystalline  or 
glassy.     The  exploitation  of  (rigid)  glassy  media  at  low  tem- 
peratures for  the  phosphorescence  analysis  of  organic  com- 
pounds was  first  suggested  and  used  by  Keirs  et  al.  in  1957 

(84)  .     The  early  applications  have  been  reviewed  by  Parker 

(85)  .     It  has  been  pointed  out  by  Lukasiewicz  and  Wineford- 
ner  that  the  fine  structures  observed  in  quasi-linear 
Shpol'skii  spectra  might  not  differ  significantly  from  those 
obtained  in  ordinary  low-temperature  fluorescence  spectra  in 
many  different  solvents   (48).     In  other  words,  molecules  ex- 
hibiting the  Shpol'skii  effect  generally  give  luminescence 
emission  spectra  possessing  a  reasonable  amount  of  structure 
in  many  different  solvents  anyway,  and  so  the  gain  in  spec- 
tral structure  of  molecules  in  solvents  exhibiting  the 
Shpol'skii  effect  is  minimal.     This  phenomenon  has  been  con- 
firmed by  the  conventional  fluorescence  emission  and  excita- 
tion spectra  of  pyrene  in  glycerol-EtOH-n-hexane   (4:5:1  v/v) 
and  9 -methyl-anthracene  in  glycerol-EtOH-H20   (2:1:1  v/v),  as 
shown  in  Figures  31  and  32,  respectively.     Organic  glasses 
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Figure  31.     Conventional  fluorescence  emission  spectra  of 
(a)   10  ug/ml  pyrene  in  glycerol-EtOH-n-hexane 
C4:5:l  v/v)  and  (b)   1  ug/ml  pyrene  in  n-heptane 
at  77  K. 
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have  been  chosen  as  the  solid  state  matrix  in  fluorescence 
line  narrowing  spectroscopy  (37)    (FLNS)  or  selective  excita- 
tion spectroscopy  (86)  at  ^4  K.     Organic  glassy  media  have 
the  advantages  of  high  optical  quality  which  minimizes  light 
scattering,     the  potential  for  accepting  water  which  allows 
for  direct  analysis  of  contaminated  water  samples,  vide  in- 
fra, and  sufficiently  reproducible  glass  quality  which  per- 
mits quantitative  measurements  without  having  to  resort  to 
internal  standards  (37). 

Low- temperature   (^4  K)   electronic  molecular  absorption 
spectra  in  glasses  are  "severely"  broadened  due  to  site  in- 
homogeneity,  and  band-widths   (FWHM)  are  typically  200-300 
cm      (37).     Nevertheless,  as  low- temperature   (77  K)  photo- 
acoustic  spectroscopy  of  PAH's  in  snowy  polycrystalline 
Shpol'skii  matrices  do  not  provide  sufficient  S/N  (signal-to- 
noise  ratio)  at  the  yg/ml  level,  a  second  approach  has  been 
tried  to  employ  low-temperature  transparent  glassy  media  at 
77  K  for  the  photoacoustic  spectroscopy  of  PAH's.     The  use 
of  transparent  glassy  media  should  provide  increased  sensi- 
tivities as  a  result  of  a  longer  optical  excitation  path 
length,  and  should  also  result  in  higher  precision  in  quan- 
titative studies  and  reduced  noises,  since  inhomogeneous 
scattering  of  radiation  by  the  snow  interfaces  in  a  Shpol'skii 
sample  matrix  will  be  absent. 

A  large  number  of  solvents  and  solvent  mixtures  have 
been  used  to  form  clear  rigid  glasses  for  low  temperature 
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conventional  phosphorimetry  and  laser-excited  FLNS.    A  com- 
prehensive study  to  determine  the  number  and  kinds  of  sol- 
vents and  solvent  mixtures  that  will  form  clear  rigid  glasses 
at  liquid  nitrogen  temperature  has  been  reported  by  Wine- 
fordner  and  St.  John  (87) .     There  are  relatively  few  pure 
solvents  which  form  clear  rigid  glasses  the  majority  of  the 
time;  only  pentane,  diethyl  ether  and  ethanol  form  clear 
rigid  glasses  without  cracks  or  snow  9  times  out  of  10  with 
carefully  observed  slow  cooling.     Solvent  cracking  is  unac- 
ceptable in  low-temperature  photoacoustic  spectroscopy  since 
cracks  result  in  light  scatter  in  the  sample,  which  produces 
errors,  and  interrupts  photoacoustic  wave  transmission  in 
the  sample  matrix.     As  has  been  stressed  by  Winefordner  and 
St.  John  (87) ,  if  the  sample  tube  is  struck  against  the  side 
of  the  Dewar  flask  during  cooling,  the  vibration  may  result 
in  cracking.     Also,  if  the  sample  tube  is  dirty  or  contains 
scratches,  the  solvent  will  generally  crack  on  cooling  be- 
cause the  availability  of  small  particles  or  scratches  ap- 
parently results  in  nucleation  sites  for  cracking. 

The  concept  of  conduction  cooling  as  a  means  of  cooling 
the  sample  at  a  uniform  and  reproducible  rate  to  create  a 
uniform  frozen  glass  with  good  optical  quality  has  been  ap- 
plied to  low- temperature  phosphorimetry  by  Ward   (88) .  A 
different  design  of  conduction  cooling  system,  which  employs 
an  immersion  type  conduction  cooler  and  a  cylindrical  cell 
and  attached  piezoelectric  ceramic  tube  detection  system  was 
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devised.     The  performances  of  two  conduction  coolers  of  dif- 
ferent designs  are  commented  upon. 

The  conventional  Dewar  flask  cooling  system,  in  which 
the  sample  is  suspended  into  the  liquid  nitrogen  from  above, 
was  also  modified  to  allow  for  visual  monitoring  of  sample 
introduction   (and  hence  of  the  cooling  rate)  and  for  addi- 
tion of  liquid  nitrogen.     Thus,  any  solvent  cracking  could 
be  noticed  in  the  early  stage,  and  the  frozen  sample  could 
be  analyzed  for  a  prolonged  period  (e.g.,  in  repetitive  scans 
or  sequential  multi-mode  detection)  with  minimal  disturbance 
to  the  sample  cell  position  and  glass  quality. 

Experimental 

Apparatus 

The  new  conduction  cooling  system,  which  consists  of 
one  design  of  an  immersion  type  conduction  cooler  and  a 
cylindrical  cell/attached  PZT  tube  detection  system,  is 
shown  in  Figure  33.     The  copper  conduction  cooler  was  ma- 
chined out  of  a  single  piece  of  copper,  with  a  cylindrical 
liquid  nitrogen  reservoir   (1  in  outside  diameter,   0.75  in 
inside  diameter,  2.5  in  length)  and  a  cylindrical  cold  fin- 
ger  (0.25  in  diameter,  1  in  length).     The  lower  end   (1  in 
length)  of  the  cold  finger  had  one  half  section  cut  off  for 
the  passage  of  the  laser  beam.     Electrical  tape  was  wound 
on  the  copper  reservoir  to  provide  thermal  insulation.  The 
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Figure  33.     Schematic  diagram  of  copper  conduction  cooler 
and  cylindrical  Pyrex  cell/attached  PZT  tube 
detection  system. 
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cylindrical  cell  was  made  from  a  Pyrex  glass  tube (8 mm  i.d., 
11  mm  o.d.,  6  cm  length)  with  a  partition  3  cm  from  the  up- 
per end.     A  PZT-5A  ceramic  tube   (0.5  in  o.d.,  0.031  in 
thickness,  0.5  in  length)  was  attached  to  the  lower  end  of 
the  cylindrical  cell  as  described  in  Chapter  4.     A  Pyrex 
glass  bell  jar   (75  mm  diameter,  15  cm  height)  covered  the 
conduction  cooler  and  cylindrical  cell/attached  PZT  tube  de- 
tection system  which  was  mounted  on  a  circular  aluminum  plat- 
form.    Two  axially  opposite  holes  allowed  the  entrance  and 
exit  of  the  excitation  laser  beam,  and  nitrogen  gas  was 
flushed  via  a  side  tube  onto  the  frozen  glass  in  the  cylin- 
drical cell,  at  90°  to  the  laser  beam,  to  prevent  frost  for- 
mation on  the  cylindrical  cell  wall. 

Another  design  of  a  conduction  cooler  is  shown  in  Fig- 
ure 34.     The  cylindrical  liquid  nitrogen  reservoir  (6  cm 
o.d.,  1  cm  thickness,  2  in  height)  and  lid  were  made  of  Tef- 
lon (PTFE)  which  is  a  poor  heat  conductor.     A  pair  of  copper 
bars   (0.025  in  thickness,  0.157  in  width,  2.7  in  height) 
were  passed  snuggly  through  two  slots  in  the  bottom  of  the 
Teflon  reservoir,  and  protruded  to  1  in  below  the  reservoir. 
The  copper  bars  served  as  cold  fingers  by  conduction  cooling, 
and  can  be  used  as  electrodes  for  photoionization  studies   (89) . 

The  modified  conventional  Dewar  flask  cooling  system  is 
shown  in  Figure  35.     The  cylindrical  cover  above  the  Dewar 
flask  is  now  made  of  Pyrex  glass  instead  of  aluminum.  The 
transparent  Pyrex  glass  cover  permits  the  visual  monitoring 
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Figure  34.     Schematic  diagram  of  Teflon  conduction  cooler 
with  copper-bar  cold  fingers. 


Ill 


PIEZOELECTRIC 
TRANSDUCER 
TUBE 


SUPERGLUE 

ALUMINUM 
COUPLING 
CYLINDER 


N9  GAS  t=> 


EXCITATION  r^V 
RADIATION  S/ 


RUBBER  GROMMET 


TO 

£>  PRE-AMPLIFIER 


SHIELDING  BOX 
TEFLON  SLEEVE 

ALUMINUM  COVER 

GLASS  CYLINDER 
PHENOLIC  RING 

jCj  N2  FLUSH  STREAM 
QUARTZ  TUBE  CELL 
DEWAR  FLASK 

LIQUID  N2 
OPTICAL  WINDOW 
FROZEN  SAMPLE  MATRIX 

SAMPLE  COMPARTMENT 


Figure  35, 


Schematic  diagram  of  modified  conventional 
Dewar  flask  cooling  system. 
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of  the  immersion  rate  of  the  sample  into  liquid  nitrogen, 
especially  when  the  sample  first  immerses  into  liquid  nitro- 
gen.   A  slanting  port  in  the  aluminum  top  allows  for  the  ad- 
dition of  liquid  nitrogen  to  the  Dewar  flask  using  a  funnel. 

The  experimental  set-up  used  for  dye- laser-induced  pho- 
toacoustic  spectroscopy  of  polynuclear  aromatic  hydrocarbons 
in  glassy  media  at  77  K  was  the  same  as  that  described  in 
Chapter  4   (Figure  20) ,  with  one  modification  that  a  low-pass 
filter  of  3  s  time  constant  was  employed  after  the  peak  de- 
tector to  smooth  out  the  pulse-to-pulse  instability  of  the 
dye  laser  output.     The  DL  245  grating  scan  control  for  the 
Molectron  DL-14  tunable  dye  laser  was  switch-selected  at  30, 
which  corresponded  to  a  scan  speed  of  4.5  nm/min.     The  PZT 
transducer  outputs  were  amplified  with  a  pre-amplif ier  with 
a  voltage  gain  of  30  and  high-pass  -3  dB  cut-off  frequency 
at  95  kHz.     An  observable  time  constant  of  5  s  was  used 
throughout  the  experiments  on  the  PAR  model  160  boxcar  inte- 
grator/averager.    A  laboratory-constructed  pyroelectric  en- 
ergy meter  with  a  calibration  factor  of  285  v/mJ  was  used  to 
monitor  the  energy  of  the  reflected  beam  from  the  beam  split- 
ter. 

Procedure 

In  the  conduction  cooling  low-temperature  photoacoustic 
spectroscopy  (LTPAS)  experiments,  the  sample  solution  (1  ml 
for  the  copper  conduction  cooler,  2  ml  for  the  Teflon 
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conduction  cooler)  was  introduced  to  the  cylindrical  cell 
and  a  room- temperature  photoacoustic  spectroscopy  (RTPAS) 
spectrum  was  first  obtained.     The  cold  finger (s)  of  the  con- 
duction cooler  was  then  immersed  in  the  sample  solution,  and 
liquid  nitrogen  was  added  into  the  reservoir  of  the  conduc- 
tion cooler.     Approximately  3  min  after  a  depression  due  to 
volume  contraction  on  freezing  was  observed  in  the  meniscus, 
the  LTPAS  spectrum  was  scanned.     The  liquid  nitrogen  reser- 
voir was  refilled  as  necessary  during  the  course  of  wave- 
length scan. 

In  the  conventional  Dewar  flask  cooling  system  experi- 
ment, the  quartz  tube  sample  cell  was  lowered  into  the  liq- 
uid nitrogen  slowly.     Care  was  taken  to  allow  the  lowest  por- 
tion of  the  sample  enough  time  to  be  frozen  first  before  the 
quartz  tube  was  further  lowered  to  freeze  the  next  higher 
portion  of  the  sample.     In  this  way,  a  clear  and  uncracked 
glass  was  easily  formed,  and  the  quartz  tube  could  be 
quickly  lowered  to  the  optical  tip  of  the  Dewar  flask  to  ob- 
tain a  LTPAS  spectrum  for  the  glass. 

Results  and  Discussion 

Conduction  Cooling 

Copper  has  a  high  thermal  conductivity;  the  direct  con- 
tact of  the  copper  cold  finger (s)  with  the  sample  in  the  im- 
mersion type  conduction  cooling  systems  allows  for  more 
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effective  cooling  rates  than  the  conduction  cooling  devices 
in  which  the  sample  cell  slip  fits  into  a  conduction  cooling 
rod  (88) .     Immersion  type  conduction  coolers  are  very  suit- 
able for  use  with  plastic  culture  tubes   (that  are  often  used 
in  FLNS)    (37)  and  with  sample  cells  of  large  diameters,  for 
which  cooling  of  the  sample  interior  from  outside  might  be 
time-consuming  or  impossible. 

Of  the  two  conduction  cooler  designs,  the  use  of  Teflon 
as  the  construction  material  was  found  to  be  unwise  as  the 
large  specific  heat  of  Teflon  consumes  much  liquid  nitrogen 
in  the  cooling  process.     The  RTPAS  and  LTPAS  spectra  of  10 
yg/ml  9 , 10-dimethylanthracene  in  EtOH  glass  at  77  K  obtained 
with  the  copper  conduction  cooler  are  shown  in  Figure  36. 
The  dye  laser  beam  was  pre-focused  %0.5  cm  in  front  of  the 
cylindrical  cell.     A  change  of  focus  did  not  affect  the  sen- 
sitivity of  the  detection,  as  the  photoacoustic  signal  was 
independent  of  the  incident  laser  power  denstiy   (89) .  EtOH 
(m.p.   155.7  K)  was  chosen  to  form  the  glass  because,  besides 
its  low  frequency  of  forming  cracks,  it  is  a  good  solvent, 
is  miscible  with  water  to  form  good  glassy  media  as  long  as 
the  amount  of  water  in  ethanol  is  kept  below  5%   (87) ,  is  com- 
mercially available  in  high  purity  for  use  in  analysis,  and 
does  not  crack  quartz  cells  upon  freezing  and  melting.  The 
RTPAS  and  LTPAS  spectra  exhibit  different  spectral  features: 
the  peak-maximum  in  RTPAS  is  at  a  wavelength  of  ^385  nm, 
while  the  peak-maximum  in  LTPAS  is  at  ^373  nm.     The  LTPAS 
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spectrum  appears  to  be  much  noisier  than  the  corresponding 
RTPAS  spectrum.     One  explanation  is  that  the  strong  flushes 
of  nitrogen  gas  on  the  cylindrical  sample  cell  surface  (re- 
quired to  prevent  frost  formation)  produced  gas  currents 
that  changed  the  refractive  index  of  the  gas  and  diffracted 
the  incident  laser  beam.     Another  possibility  is  due  to  the 
noises  produced  by  the  liquid  nitrogen  boiling  in  the  cop- 
per reservoir.     The  LTPAS  spectrum  resembles  the  low- temper- 
ature photoacoustic  spectrum  of  26  yg/ml  9 , 10-dimethylanthra- 

cene  in  n-hexane  (A        -  377  nm)  shown  in  Figure  25(a),  with 

rricix 

slightly  less  resolved  spectral  features  in  EtOH  glass.  The 
sensitivity  of  LTPAS  in  EtOH  glass  was  not  significantly  in- 
ferior to  that  of  RTPAS  (within  a  factor  of  2) .  This,  to- 
gether with  the  ability  to  observe  phosphorescence  in  glassy 
media  at  low  temperatures,  makes  LTPAS  in  glasses  attractive 
for  further  development  into  an  analytically  useful  technique. 

Conventional  Cooling 

The  modified  conventional  Dewar  flask  cooling  system 
facilitated  the  formation  of  clear  and  uncracked  glasses 
(EtOH  glass,  at  least) .     However,  when  a  laser  beam  of  pulse 
energy  on  the  order  of  100  uJ/pulse   (in  the  360-390  nm  re- 
gion) was  focused  on  the  EtOH  glass  in  the  quartz  tube  sam- 
ple cell,  cracks  soon  appeared  in  the  glass.     This  was  prob- 
ably because  manually  lowering  the  quartz  tube  in  liquid  ni- 
trogen, no  matter  how  steady  hands  the  operator  had,  was  not 
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at  a  uniform  rate.     An  inhomogeneous  frozen  glass  plagued 
with  latent  weak  points  was  formed.     Consequently,  the  heat- 
ing effect  of  dye-laser  pulsed  excitation  (^2  mW  average 
power)  induced  cracking  at  the  weak  points.  Nevertheless, 
the  LTPAS  spectrum  obtained  under  the  bad  condition  is 
shown  in  Figure  37.     The  spectrum  compares  favorably  with 
Figure  36,  with  Am,v  *  372  nm.     The  noise  that  appeared  on 

IllaX 

the  dye-laser  output  energy  curve  was  due  to  some  rotation 
problem  of  the  magnetic  stirrer  in  the  dye  curvette  used  in 
the  amplifier  assembly. 

More  work  needs  to  be  done  to  improve  the  technique  of 
LTPAS  in  glassy  media  before  a  fair  evaluation  of  its  analyt- 
ical potential  can  be  made.     For  example,  a  mechanical  trans- 
lation device  controlled  by  a  stepper  motor  may  be  developed 
to  remove  the  operator  dependence  in  homogeneous,  clear  and 
uncracked  glass  formation. 
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CHAPTER  6 

PHOTOACOUSTIC  CELL  DESIGN:     FLOW  CELL 
FOR  HPLC-PHOTOACOUSTIC  DETECTION 

Introduction 

Laser-induced  photoacoustic  spectroscopy  (LIPAS)   is  a 
very  sensitive  technique  for  the  trace  analysis  of  substances 
that  absorb  light  in  the  UV  and  visible  spectral  region.  Its 
sensitivity  is  about  2  orders  of  magnitude  greater  than  that 
of  ordinary  UV-visible  absorption  spectrometry  with  an  inci- 
dent light  pulse  of  energy  ^1  mJ;  fractional  absorptions  as 
—  6  —  7 

small  as  10      -  10      can  be  measured  with  an  accuracy  of  +10% 
(63) .     Laser-induced  photoacoustic  spectroscopy  has  been  ap- 
plied to  the  monitoring  of  HPLC  effluents  by  Oda  and  Sawada 
in  1981  (90) .     The  specially  designed  flow  cell  made  of  brass 
consisted  of  an  optical  channel  1.5  mm  i.d.  and  11  mm  long 
(^20  \il  volume)  ,  quartz  windows  and  a  piezoelectric  transducer 
disc.     A  windowless  flow  cell  for  improved  simultaneous  fluor- 
escence, photoacoustic  and  two-photon  photoionization  detec- 
tion of  HPLC  effluents  has  been  developed  by  Voigtman  and 
Winefordner  in  1981   (75,91).     The  HPLC  effluent  drained  via 
a  tiny  hole  in  the  bottom  of  a  stainless  steel  rod  was  sup- 
ported by  surface  tension  between  the  stainless  steel  rod 
and  a  stainless  steel  pedestal.     The  approximately  cylin- 
drical liquid  column,  with  diameter  ^2  mm  and  height  ^2  mm 
(^6  pi  volume) ,  was  illuminated  by  laser  light   (<1  yl 
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illuminated  volume) ,  and  the  acoustic  waves  generated  trav- 
elled down  the  pedestal  into  a  PZT  transducer  disc. 

Practical  considerations  are  emphasized  on  the  follow- 
ing in  the  design  of  photoacoustic  cells: 

(a)  cell-transducer  coupling  efficiency  and  reproduc- 
ibility ; 

(b)  signal  collection  efficiency  (i.e.,  sensitivity) — 
ratio  of  transducer  coupling  area  to  cell  area  (71) ; 

(c)  acoustic  impedance  matching; 

(d)  absorption  by  cell  material  (i.e.,  waveguide  effi- 
ciency) ; 

(e)  simplicity; 

(f )  corrosion  resistance  ; 

(g)  ease  of  cleaning  ; 

(h)  sample  volume  ; 

(i)  acoustic  insulation  and  electrical  shielding; 
(j)     adaptability  to  multi-mode  detections; 

(k)     resonance  enhancement  (92,93)  ; 
(1)     optical  window; 

(m)     discrimination  against  and  reduction  of  scattered 
light. 

In  the  present  work,  a  simple,  corrosion-resistant  photo- 
acoustic  flow  cell  is  constructed  with  a  capillary  fused 
quartz  tube  and  an  attached  piezoelectric  ceramic  tube  trans- 
ducer.    Characterization  data  and  analytical  figures  of  mer- 
its of  the  flow  cell  are  obtained.     The  flow  cell  is  applied 
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to  the  detection  of  polynuclear  aromatic  hydrocarbons  (PAH's) 
in  HPLC  effluent  using  either  a  N0  laser  or  a  XeCl  excimer 
laser  with  various  output  powers  as  excitation  source.  Laser- 
induced  photoacoustic  spectroscopy  (LIPAS)  chroraatograms  will 
be  presented,  and  the  limits  of  detection  will  be  compared 
with  the  results  from  a  UV  absorbance  detector  and  from  pre- 
vious work   (91)  . 

Experimental 

Flow  Cell  and  Photoacoustic  Detector 

The  construction  of  the  LIPAS  flow  cell  is  shown  sche- 
matically in  Figure  38 .     The  cell  consists  of  a  capillary 
fused  quartz  tube  with  outside  diameter  4  mm,  inside  diam- 
eter 1  mm  and  length  10  cm.     A  PZT-5A  piezoelectric  ceramic 
tube  of  0.5  in  length,  0.5  in  outside  diameter  and  0.031  in 
thickness  is  attached  with  Superglue  to  an  aluminum  coupling 
cylinder  (1/2  in  length)  which  in  turn  is  adhered  to  the 
outer  surface  of  the  quartz  capillary  tube.     The  inner  sur- 
face of  the  aluminum  cylinder  has  been  polished  to  reflect 
stray  and  scattered  light  to  minimize  the  resulting  inter- 
ference.    A  stainless  steel  syringe  needle  is  inserted  and 
glued  into  one  end  of  the  quartz  capillary  tube  for  connec- 
tion to  a  PTFE  tubing  that  connects  the  UV  absorbance  detec- 
tor with  the  flow  cell.     The  quartz  capillary  tube  is  passed 
through  rubber-grommetted  holes  on  two  opposite  sides  of  a 
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metal  box  which  provided  electrical  shielding.     The  rubber 
grommets  served  to  reduce  acoustic  coupling  between  the  flow 
cell  and  the  metallic  box.     Electrical  contacts  with  the  two 
silvered  surfaces  of  the  PZT  ceramic  tube  transducer  are  ef- 
fected by  nickel-silver  contacts  obtained  from  a  bread-board 
and  insulating  electrical  tape.     A  short  length  of  rubber 
tubing  attached  to  the  exit  end  of  the  quartz  capillary  tube 
conducted  the  effluent  into  drain. 


HPLC  System 


An  Altex  model  312  HPLC   (Altex  Scientific,  Berkeley, 
CA)  with  an  Altex  spherisorb  ODS,  10  m  dp,  4. 6  mm  x  25  cm 
column,  20  yl  injection  sample  loop,  and  an  Altex  model  153, 
254.  nm  uv  absorbance  detector  was  employed.     Isocratic  85%' 
acetonitrile/15%  water  was  pumped  at  a  flow  rate  of  1.0  ml/ 
min.     The  effluent  from  the  UV  absorbance  detector  was  fed 
via  a  2  m  PTFE  tubing  with  volume  capacity  1  ml  into  the 
LIPAS  flow  cell  that  was  mounted  on  a  separate  laboratory 
bench.     Consequently,  the  peaks  on  the  LIPAS  chromatogram 
appeared  .1  min  after  they  were  seen  on  the  UV  absorbance 
chromatogram  that  was  recorded  by  a  Fisher  Recordall  series 
5000  strip-chart  recorder. 


LIPAS  Instrumenl-atinn 


The  experimental  set-up  for  LIPAS  is  shown  sehematically 
in  Figure  39.     The  light  beam  from  either  a  Moleotron  DV-14 
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nitrogen  laser  (A  =  337.1  nm,  pulse  duration  ^10  ns)  or  a 
Lumonics  TE-861S  XeCl  excimer  laser  operated  at  a  repetition 
rate  of  20  Hz  was  focused  to  a  spot  of  ^1.5  mm  diameter  at 
the  center  bore  of  the  quartz  capillary  tube  of  the  flow 
cell.     The  photoacoustic  voltage  signal  generated  by  the  PZT 
transducer  was  amplified  with  a  pre-amplif ier  having  a  vol- 
tage gain  of  30  and  high-pass  -3  dB  cut-off  frequency  at  95 
kHz.     The  pre-amplif ier  output  was  amplified  with  a  PAR  211 
amplifier  and  gate-detected  by  a  PAR  model  160  boxcar  inte- 
grator/averager with  a  1  us  aperture  time  and  a  0.5  s  ob- 
served time  constant.     A  Hitachi  V-152B  oscilloscope  was 
used  for  monitoring  of  the  amplified  pulsed  LIPAS  signal  and 
the  boxcar  gate  which  was  varied  to  select  the  largest  pos- 
itive excursion  of  the  damped  ringing  LIPAS  signal.     The  box- 
car output  was  filtered  by  a  RC-series  low-pass  filter  of  1 
s  time  constant  before  feeding  into  an  Omniscribe  B5217-5I 
chart  recorder.     Laser  pulse  energies  were  measured  with  a 
Molectron  J3-05DW  pyroelectric  joulemeter  and  appropriate 
neutral  density  filters. 

Reagents 

Acetonitrile  was  Mallinckrodt  Chrom  AR  grade  (Mallin- 
ckrodt,  Inc.,  Paris,  KY) ,  water  was  obtained  from  a  Nano- 
pure  Barnstead  exchanger   (Barnstead,  Sybron  Corp.,  Boston, 
MA) ,  and  both  were  deaerated  by  bubbling  with  He  (Airco, 
Inc.,  Montvale,  NJ) . 
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Results  and  Discussion 

Characterization  of  LIPAS  Flow  Cell 

A  60  ml  separatory  funnel  positioned  ^35  cm  above  the 
flow  cell  was  used  as  the  reservoir  which  contained  a  stan- 
dard 10  yg/mL  solution  of  pyrene  in  EtOH.     The  flow  of  sam- 
ple solution  through  the  LIPAS  cell  was  regulated  by  the 
stop-cock.     The  pulsed  LIPAS  signal  was  obtained  at  various 
distances  of  the  incident  laser  beam  from  the  stainless 
steel  syringe  needle  along  the  quartz  capillary  tube  by  scan- 
ning the  boxcar  gate  from  0  ys  to  100  ys  after  the  firing  of 
the  laser  pulse  for  a  period  of  5  min.    As  can  be  seen  from 
Figure  40,  the  complicated  LIPAS  signals  due  to  electrical 
and  mechanical  ringing,  damping,  acoustic  reflections  in  the 
cell,  and  resonances   (71)  change  considerably  in  pattern 
from  one  incidence  position  to  another  incidence  position. 
However,  the  amplitudes  of  the  largest  peaks  do  not  differ 
by  more  than  a  factor  of  2.5.     The  change  in  delay  time  of 
the  first  major  positive  excursion  of  the  pulsed  LIPAS  sig- 
nal with  various  laser  incidence  position  is  shown  in  Fig- 
ure 41.     A  linear  dependence  is  observed  with  the  reciprocal 

3 

of  the  gradient  found  to  be  1.10  x  10    m/s  which  is  in  excel- 
lent agreement  with  the  literature  value  of  1159  m/s  for  the 
velocity  of  sound  at  20°C  in  EtOH   (83).     This,  together  with 
the  experimental  observation  that  a  gas  bubble  travelling 
inside  the  quartz  capillary  tube     almost  complete  extinguished 
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Figure  41.    Dependence  of  delay  time  of  the  first 

positive  excursion  of  the  pulsed  LIPAS  signal 
on  the  position  of  laser  beam  incidence  as 
measured  from  the  stainless  steel  syringe 
needle.  The  magnitude  of  the  reciprocal  of 
slope  corresponds  to  the  ultrasonic  velocity 
in  EtOH  at  20°C. 
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the  LIPAS  signal  as  observed  on  the  oscilloscope,  indicates 
the  bulk    of  the  LIPAS  signal  travelled  in  the  liquid  flow 
stream  and  reached  the  transducer,  instead  of  transferring 
into  the  quartz  substrate  at  the  point  of  laser  incidence 
and  travelling  in  the  quartz  capillary  tube  wall  toward  the 
transducer.     The  x- intercept  of  Figure  41  gives  a  distance 
of  ^5.8  cm  corresponding  to  zero  delay  time,  which  is  larger 
than  the  distance  of  the  aluminum  coupling  cylinder  from  the 
needle  (4.7-5.4  cm).     The  difference  can  probably  be  attrib- 
uted to  the  time  taken  by  the  acoustic  waves  to  travel 
through  the  quartz  tube  wall,  aluminum  cylinder  and  the  two 
Superglue  interfaces. 

A  change  in  flow  rate  from  0.21  ml/min  to  1.85  ml/min 
(corresponding  to  linear  velocities  0.45  cm/s  and  3.9  cm/s, 
respectively)  did  not  result  in  any  significant/observable 
change  in  LIPAS  signal  pattern,  amplitude,  or  delay  time, 
with  a  laser  incidence  position  at  3.5  cm. 

A  standard  calibration  curve  was  determined  for  N  la- 

2 

ser-induced  photoacoustic  spectroscopy  of  pyrene  in  EtOH  as 
detected  by  the  quartz  capillary  tube  flow-cell/attached  PZT 
ceramic  tube  transducer  system  and  is  shown  in  Figure  42. 
The  actual  incident  laser  pulse  energy  was  measured  to  be 
^0.3  mJ.     A  15  s  observable  time  constant  and  92  ys  gate  de- 
lay were  employed  on  the  boxcar  integrator /averager ,  with  a 
laser  incidence  position  at  3.5  cm.     The  log-log  calibration 
plot  in  Figure  42  has  a  slope  of  almost  unity    over  a  linear 
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Figure  42.     Standard  calibration  curve  for  LIPAS  of  pyrene 
in  EtOH  with  the  quartz  capillary  tube  flow 
cell/attached  PZT  ceramic  tube  transducer 
system. 
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dynamic  range  of  >3  orders  of  magnitude,  deviating  nega- 
tively from  unity  at  concentrations  above  ^40  ug/ml.  The 
limit  of  detection,  calculated  as  the  concentration  of 
pyrene  that  gives  a  signal  3  times  the  background  noise 
(Np    /5) ,  is  6.  ng/ml.  As  the  laser  beam  was  focused  to  a 

spot  of  ^1.5  mm  diameter  at  the  center  bore  of  cross- 

-3  2 

sectional  area  7.9  x  10      cm  ,  the  illuminated  volume  was 
^1.2  ul  and,  consequently,  the  absolute  limit  of  detection 
is  ^7.  pg  of  pyrene  (within  the  laser  interaction  region). 

HPLC-LIPAS  Detection  of  PAH  Mixture 

The  laser  beam  was  focused  at  a  distance  of  3.5  cm  from 
the  stainless  steel  syringe  needle.  Since  the  mobile  phase 
was  85/15  v/v  CH3CN/H20,  the  delay  time  of  the  LIPAS  signal 
was  different  than  with  EtOH.  The  gate  delay  was  set  at  86 
ys,  as  determined  by  the  appearance  of  the  largest  positive 
excursion  of  the  LIPAS  signal  in  the  trial  HPLC  run  of  PAH 
samples.  The  delay  time  was  found  not  to  be  a  function  of 
different  PAH's.  However,  the  change  of  delay  time  with 
mobile  phase  composition  is  a  great  drawback  in  the  use  of 
HPLC-LIPAS  detection  with  solvent  programming,  unless  such 
changes  can  be  theoretically  predicted  and  the  boxcar  gate 
be  adjusted  automatically  by  a  microprocessor  controller. 

A  synthetic  sample  mixture  of  8  PAH's  was  determined 
with  the  HPLC-LIPAS  detection  system  using  either  a  N2  laser 
or  a  XeCl  excimer  laser  as  the  excitation  source.  The  LIPAS 
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chroma tograms  are  shown  in  Figure  43,  together  with  the  UV 
absorbance  chromatogram.     For  easier  comparison,  the  UV  ab- 
sorbance  chromatogram  has  been  displaced  ^1  min  to  the  right 
so  that  corresponding  peaks  in  the  3  chromatograms  are  now 
aligned  vertically.     The  chromatographic  peaks  were  identi- 
fied by  comparing  their  retention  times  with  those  of  stan- 
dard PAH's  and  also  by  the  ratios  of  UV  absorbance  to  LIPAS 
signal.     The  latter  is  a  big  advantage  of  using  a  multi-mode 
detection  scheme;  also  LIPAS  like  UV-absorption  is  a  non-de- 
structive detection  technique,  and  the  unique  flow  cell  de- 
sign allows  further  subsequent  detection  means  of  the  HPLC 
effluent.     The  LOD's  calculated  for  the  three  detection  meth- 
ods are  given  in  Table  9.     In  general,  N2  LIPAS  concentra- 
tional  LOD's  are  about  an  order  of  magnitude  poorer  than  UV 
absorbance  concentrational  LOD's,  and  XeCl  excimer  LIPAS 
concentrational  LOD's  are  slightly  better  (smaller)  than  the 
corresponding  N2  LIPAS  concentrational  LOD's,  both  being  on 
the  order  of  magnitude  of  tenths  of  yg/mL.     Because  of  dif- 
fusion occurring  in  the  2  m  PTFE  tubing  connecting  the  UV 
absorbance  detector  with  the  LIPAS  flow  cell,  the  LIPAS  chro- 
matographic peaks  had  full  widths  at  half  maximum  on  the 
average  1.5  times  larger  than  those  of  UV  absorbance  peaks. 
Therefore,  the  LIPAS  concentrational  LOD's  could  be  improved 
by  another  factor  of  ^1.5  by  simply  mounting  the  LIPAS  de- 
tector in  the  same  location  as  the  UV-absorbance  detector. 
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Figure  43.     (a)  UV  absorbance,    (b)  N2  LIPAS,  and  (c)  XeCl 
excimer  LIPAS  HPLC  chromatograms  of  standard 
mixture  of  PAH's:  1  =  azulene;  2  =  biphenyl; 
3  =  7 , 8-benzof lavone;  4  =  phenanthrene ;  5  = 
f luoranthene;  6  =  pyrene;  7  =  chrysene;  and 
8  =  3 , 4-benzopyrene.  Column:  4 . 6  mm  x  25  cm,* 
spherisorb  ODS  10  urn  dp;  mobile  phase: 
isocratic  85/15  v/v  CH3CN/H20;  flow  rate: 
1  ml/min;  injection  volume:  20  ul. 
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The  effect  of  laser  power  on  the  sensitivity  and  limit 
of  detection  of  the  LIPAS  detection  technique  has  also  been 
studied.     The  XeCl  excimer  laser  output  power  was  changed 
by  the  use  of  neutral  density  filters.     The  results  for 
HPLC-LIPAS  detection  of  pyrene  are  shown  in  Figure  44.  The 
linearity  of  the  LIPAS  signal   (chromatographic  peak  height) 
with  laser  pulse  energy  is  verified,  in  accordance  with 
Patel  and  Tarn's  theory  of  linear  pulsed  photoacoustic  spec- 
troscopy of  condensed  matter   (63)  ,  for  pulse  energies  below 
^2  mJ  where  the  slope  of  the  log-log  plot  is  nearly  unity 
(Figure  44(a)).     At  higher  pulse  energies,  saturation  and 
photoionization  (94)  occur,  resulting  in  a  negative  devia- 
tion from  unity  slope.     The  85/15  v/v  CH3CN/H20  mobile  phase 
gives  rise  to  a  considerable  background  XeCl  excimer  LIPAS 
signal   (approximately  40%  of  the  12.5  yg/mL  pyrene  XeCl 
excimer  LIPAS  signal).     At  low  pulse  energies,  the  HPLC- 
LIPAS  system  is  shot  noise  limited,  so  that  increasing  the 
sample  signal  by  an  increase  in  laser  power  decreased  the 
LOD.     At  high  pulse  energies,  however,  proportional  noise 
due  to  pulse-to-pulse  laser  power  fluctuation  becomes  pre- 
dominant, so  that  increasing  the  sample  signal  by  an  in- 
crease in  laser  power  increases  the  background  noise  propor- 
tionally, and  thus  gives  no  improvement  in  the  LOD. 

The  generation  of  a  photoacoustic  signal  depends  on 
the  conversion  of  the  absorbed  light  energy  into  heat  through 
nonradiative  relaxation  processes.     For  PAH's  that  are 
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LASER  PULSE  ENERGY  (mJ) 


Figure  44.  Effect  of  laser  pulse  energy  on  (a)  sensitivity 
and  (b)  LOD  of  HPLC-XeCl  excimer  LIPAS  detection 
of  pyrene. 
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excellent  fluorophors,  much  of  the  absorbed  energy  is  re- 
leased as  luminescence  (fluorescence  and  phosphorescence) , 
and  thus  photoacoustic  detection  is  not  optimal.     Flow  irreg- 
ularities also  generate    background  acoustic  noise.     The  UV 
absorbance  detector  enjoys  the  advantage  of  having  very  low 
background  noise,  thus  excelling  in  performance  in  the  de- 
tection of  PAH ' s  over  the  LIPAS  techniques . 

With  the  design  of  the  present  laser-induced  photoacous- 
tic spectroscopic  flow  cell  optimized  for  photoacoustic  de- 
tection of  HPLC  effluents,  the  LOD's  have  been  improved  by 
approximately  one  order  of  magnitude  over  the  three-mode 
windowless  flow  cell  reported  before  (91) .     The  flow  cell 
is  simple,  corrosion-resistant,  and  non-destructive  so  that 
it  can  be  used  in  tandem  with  other  HPLC  post-detectors. 
The  flow  cell  should  readily  lend  itself  to  simultaneous 
fluorescence  detection. 


CHAPTER  7 
PHOTOACOUSTIC  PROBE  DESIGN 


Introduction 

The  effective  waveguide  effect  for  photoacoustic  waves 

in  quartz  as  a  substrate  material  has  been  shown  by  Tarn  and 

Patel   (95) .     Quartz  has  a  very  small  absorption  coefficient 

-3  -1 

for  ultrasonic  waves   (approximately  10      cm      at  a  frequency 
of  1  MHz)    (63) ,  and  so  little  absorption  would  occur  between 
the  point  of  generation  (or  pick-up)  of  the  photoacoustic 
signal  and  the  point  of  detection   (i.e.  the  transducer) .  A 
fused  silica  tee  has  also  been  used  by  Rosencwaig  and  Hind- 
ley  (96)  as  an  acoustic  waveguide  which  transmitted  the 
acoustic  pulse  from  the  sample  to  the  piezoelectric  ceramic 
detector.     The  acoustic  waveguide  concept  has  been  used  in 
Chapter  4  in  the  construction  of  a  novel  quartz  tube  sample 
cell  and  attached  piezoelectric  transducer  for  the  low-tem- 
perature photoacoustic  spectroscopy  of  polynuclear  aromatic 
hydrocarbons  in  Shpol'skii  matrices  at  77  K  (Figure  21). 
The  sensitivity  of  the  quartz  tube  sample  cell  and  attached 
piezoelectric  transducer  detection  system  was  found  to  be 
as  good  as  the  cuvette  cell/attached  PZT  disc  transducer  sys- 
tem reported  by  Voigtman  et  al.    (79)  previously.     The  exter- 
nally attached- transducer  design,  besides  being  able  to 

13  9 
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minimize  the  effect  of  scattered  light  by  the  time  gating 
detection  technique  because  of  the  much  faster  speed  of 
light  than  that  of  sound  in  quartz   (63)  ,  is  invaluable  in 
circumstances  where  the  transducer  cannot  be  placed  close 
to  the  sample   (as  in  the  case  of  low  and  high  temperature 
studies) ,  or  where  physical  dimensions  limit  the  access  of 
the  transducer  to  the  proximity  of  the  sample.     A  simple, 
effective  photoacoustic  probe  employing  the  acoustic  wave- 
guiding  effect  is  described  in  this  chapter. 

Experimental 

The  photoacoustic  probe   (Figure  45)  consists  of  a  piece 
of  fused  quartz  rod   (8  mm  diameter,  20  cm  length)  which  acts 
as  the  acoustic  waveguide.     The  quartz  rod  is  passed  through 
a  rubber-grommetted  hole  in  a  metallic  box  which  provides 
electrical  shielding.     The  rubber  grommet  reduces  acoustic 
coupling  between  the  quartz  rod  and  the  metallic  box.  A 
PZT-5A  piezoelectric  ceramic  disc  of  12.7  mm  diameter,  3  mm 
thickness,  and  with  200  kHz  fundamental  mechanical  resonant 
frequency   (no.   8125,  Vernitron  Piezoelectric  Division,  Bed- 
ford, OH)   is  attached  to  the  upper  end  of  the  quartz  rod 
with  Superglue.     A  nylon  screw  entering  from  the  top  side 
of  the  metallic  box  helps  to  fix  the  quartz  rod  and  attached 
PZT  disc  in  position,  and  serves  as  a  mechanical  restraint 
to  excessive  free  vibration  of  the  PZT  ceramic  disc  when  the 
acoustic  pulses  impinge  on  the  transducer;  this  was  observed 
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Figure  45.     Schematic  of  photoacoustic  probe. 


142 

to  improve  the  piezoelectric  efficiency.     Electrical  con- 
tacts with  the  two  silvered  surfaces  of  the  PZT  disc  are  ef- 
fected by  the  use  of  nickel-silver  contacts  obtained  from  a 
breadboard  and  insulating  electrical  tape. 

The  experimental  set-up  used  for  the  photoacoustic  spec- 
troscopy experiment  has  been  described  in  detail  in  Chapter 
5.     PBD  dye   (Exciton  Chemical  Co.,  Inc.,  Dayton,  OH)  with  a 
response  region  365-385  nm  was  chosen  to  scan  the  photoacous- 
tic absorption  spectrum  of  10  yg/ml     9 , 10-dimethylanthracene 
(Aldrich  Chemical  Co.,  Milwaukee,  WI)   in  dehydrated  U.S. P. 
ethanol  (U.S.  Industrial  Chemicals  Co.,  Tuscola,  IL) .  The 
DL  245  grating  scan  control  for  the  Molectron  DL-14  tunable 
dye  laser  was  switch-selected  at  30.     The  dye  laser  output 
beam  was  focused  at  approximately  0.5  cm  in  front  of  the 
Suprasil  cuvette  containing  1  ml  of  the  PAH  sample  solution. 
The  photoacoustic  probe  was  immersed  approximately  0.3  cm 
below  the  sample  solution  level  and  0.3  cm  above  the  laser 
beam  passing  through  the  solution,  without  touching  the  walls 
of  the  cuvette  cell.     The  PAR  211  amplifier  output  was  gate- 
detected  by  a  PAR  Model  160  boxcar  integrator /averager  with 
a  gate  delay  of  approximately  57  ys,  an  aperture  time  of  0.5 
ys   (corresponding  to  the  second  positive  excursion  of  the 
damped  ringing  photoacoustic  signal)   and  an  observed  time 
constant  of  5  s. 
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Results  and  Discussion 

The  photoacoustic  spectrum  shown  in  Figure  46(c)  was 
obtained  with  the  photoacoustic  probe.     The  Suprasil  cuvette 
sat  on  the  quartz  flat  of  the  cuvette  cell/attached  PZT  disc 
transducer  arrangement  reported  before   (79)  which  was  acous- 
tically isolated  by  a  rubber  grommet  from  the  shielding  box. 
A  drop  of  glycerol  had  been  placed  on  the  upper  surface  of 
the  flat  to  improve  acoustic  coupling  efficiency,  and  a  pho- 
toacoustic spectrum  (Figure  46 (a) )  was  also  obtained  with 
the  PZT  disc  transducer  adhered  to  the  bottom  of  the  fused 
quartz  flat.     For  comparison  purposes,  the  photoacoustic 
spectrum  of  the  same  sample  solution  obtained  with  the  cylin- 
drical cell  and  attached    PZT-5A  ceramic  tube  detection  sys- 
tem depicted  in  Figure  33  is  shown  in  Figure  46(b).     It  can 
be  seen  from  Figures  46(b)  and  46(c)  that  the  photoacoustic 
spectrum  obtained  with  the  photoacoustic  probe  is  essentially 
identical  with  the  one  obtained  with  the  cylindrical  cell/ 
attached  PZT  tube  transducer  system,  and  they  both  resembled 
the  photoacoustic  spectrum  obtained  with  the  cuvette  cell/ 
attached  PZT  disc  transducer  arrangement.     The  relative  sen- 
sitivities of  these  three  detection  systems,  determined  un- 
der conditions  optimized  for  each  separately,  were  1.6:4.4: 
1.0  for  the  photoacoustic  probe,  cylindrical  cell/attached 
PZT  tube  and  cuvette  cell/attached  PZT  disc,  respectively. 
The  comparable  detection  sensitivity  of  the  photoacoustic 
probe  to  that  of  the  "standard"  cuvette  cell/attached  PZT 
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Tr6        375        3^(5       385  390 
WAVELENGTH  (nm) 


Figure  46.     Photoacoustic  spectra  of  10  ug/ml  9,10- 

dimethylanthracene  in  EtOH  at  room  temperature 
in  PBD  dye  response  region  obtained  with  (a) 
the  cuvette  cell/attached  PZT  disc,    (b)  the 
cylindrical  cell/attached  PZT  tube,  and  (c)  the 
photoacoustic  probe  transducer  systems.  The 
sensitivity  factors   (given  as  x6.25,  xl.00  and 
x2.50)  represent  the  amplifier  gains  employed 
(e.g.  x2.50  means  the  amplifier  gain  was  2.50 
times  as  great  as  xl.00).    (d)  Dye  laser  output 
energy  curve.  The  dip  at  ^375  ran  in  (a)  cannot 
be  explained  and  was  probably  an  instrument 
artifact. 
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disc  arrangement  demonstrates  the  effectiveness  of  the  probe 
in  detecting  photoacoustic  signals  generated  in  a  solution 
and  probably  in  a  frozen  sample  solution  medium.     The  length 
of  the  quartz  rod  employed  was  arbitrary  and  can  probably 
be  considerably  extended  for  remote  sensing  experiments. 
The  size  of  the  tip  of  the  photoacoustic  probe  can  be  re- 
duced to  fit  into  sample  cells  or  sample  solutions  of  small 
volumes.     A  big  advantage  of  adopting  the  photoacoustic  probe 
approach  is  that  photoacoustic  spectroscopy  can  be  performed 
efficiently  on  sample  solutions  contained  in  cells  of  any  di- 
mension, shape,  and  construction  material.     In-vivo  measure- 
ments of  biological  fluids  is  possible.     The  probe  is  easy 
to  clean,  and  samples  can  be  contained  in  disposable  plastic 
vials   (if  the  excitation  radiation  can  be  directed  into  the 
vial  from  above)  to  prevent  cross-contamination  between  sam- 
ples and  to  avoid  clean-up  procedures  for  the  sample  cell. 
The  higher  sensitivity  of  the  cylindrical  cell/attached  PZT 
tube  system  than  the  cuvette  cell/attached  PZT  disc  arrange- 
ment is  due  to  the  use  of  a  coupling  fluid   (glycerol)   in  be- 
tween the  cuvette  cell  and  quartz  flat  in  the  latter,  which 
is  not  as  efficient  as  the  direct  solid  medium  pathway  exist- 
ing between  the  cell  and  the  attached  PZT  tube  transducer  in 
the  former,  and  probably  to  the  geometry  and  larger  contact 
area  of  the  PZT  ceramic  tube   (1.3  cm  length,  1.3  cm  outside 
diameter  and  0.078  cm  thickness). 


CHAPTER  8 
FUTURE  WORKS 


Development  of  unconventional  Shpol'skii  matrices.  The 
n-paraffin  matrix  employed  in  Shpol'skii  effect  optical  spec- 
trometries is  not  a  universal  solvent  for  organic  pollutants. 
The  matrix  can  probably  not  be  readily  used  for  the  direct 
determination  of  pollutants  in  water   (15).  Nevertheless, 
since  the  n-alkanes  are  completely  miscible  with  ethyl  alco- 
hol, the  introduction  of  a  certain  percentage  composition  of 
EtOH  into  n-alkane  might  be  possible  before  the  polycrystal- 
line  matrix  of  the  n-alkane  is  so  perturbed  to  lose  the 
Shpol'skii  effect  on  the  guest  PAH  molecules.     Thus,  water 
samples  may  be  first  mixed  with  EtOH,  which  is  then  mixed 
with  an  appropriate  n-alkane  for  a  Shpol'skii  effect  spec- 
trometric  characterization. 

Low  temperature  photoacoustic  spectroscopy  in  Shpol'skii 
matrices  at     4  K.     "If  one  has  ever  worked  with  liquid  He  tem- 
perature ,  one  would  never  want  to  go  back  to  liquid  ^  tem- 
perature"  (97) .     As  the  temperature  is  lowered,  considerable 
narrowing  and  gain  in  fine  structure  occur.     A  temperature 
dependence  upon  the  intensity  of  the  spectrum  is  also  ob- 
served, with  the  intensity  increasing  with  decreasing  temper- 
ature  (98) .     Improvements  both  in  sensitivity  and  selectiv- 
ity are  therefore  expected  by  lowering  the  temperature  of 

the  sample  matrix  toward  the  absolute  zero  temperature. 
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Computer-aided  photoacoustic  spectroscopy.  Minicom- 
puters can  be  used  to  advantage  in  the  following  applica- 
tions : 

(a)  spectra  obtained  in  many  dye  response  regions  can 
be  readily  combined  and  plotted  as  a  composite 
spectrum; 

(b)  signal  averaging  of  multiple  scans  can  be  per- 
formed to  reduce  the  noise  level; 

(c)  spectral  subtraction, differentiation,  integration 
and  other  manipulations  are  permitted; 

(d)  Fourier  transform  can  be  used  to  study  the  power 
spectrum  of  the  pulsed  excited  PAS  signal  so  as 
to  project  out  the  primary  acoustic  signal  due  to 
sample  absorption  at  the  PZT  transducer  resonant 
frequency  and  to  reject  spurious  electrical  and 
mechanical  interfering  signals  at  other  frequen- 
cies  (71)  ; 

(e)  correlation  methods  and  digital  filtering  (control 
of  smoothing  functions)   are  feasible  for  signal- 
to-noise  enhancement  (99)  . 

Photoacoustic  kinetics.     Photoacoustic  kinetic  studies 

were  first  reported  in  April,  1982  by  Major  and  Hutton  (78). 

A  50-channel  signal  averager  was  used  to  sample  data  over  a 

4 

55  ms  cycle.     Data  averaging  over  ^10    pulses   (or  cycles) , 
which  required  15  min,  produced  an  averaged  kinetic  curve 
for  the  rapid  laser-induced  pressure   (or  temperature)  rise 
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in  a  ZnSe:Cu  semiconducting  single  crystal  sample  followed 
by  slower  conductivity-limited  cooling.     The  signal  maximum 
exhibited  a  phase  lag  of  67°  after  the   (leading  edge  of  the) 
laser  pulse   (partly)  characteristic    of  the  sample.     The  de- 
velopment of  photoacoustic  kinetics  could  ultimately  lead  to 
time-resolved  photoacoustic  spectroscopy,  with  which  simul- 
taneous determination  of  mixtures  of  analytes,  based  on  the 
differences  in  photoacoustic  lifetimes,  without  prior  sep- 
aration, may  be  feasible. 

Remote  fiber  optics  photoacoustic  spectroscopy.  The 
application  of  fiber  optics  to  analytical  chemistry  as  an 
interfacing  light  guide  between  a  sample  and  a  detector 
(e.g.,  spectrometer)  is  valuable  where  (100) 

(a)  one  needs  to  do  real-time  monitoring,  as  opposed 
to  grab  sampling, 

(b)  there  are  multiple  sampling  locations,  as  in  in- 
dustrial process  stream  monitoring, 

(c)  the  environments  are  hazardous   (the  temperature 
is  very  hot  or  cold,  explosive  hazards,  high  ra- 
dioactivity) ,  and 

(d)  the  sample  is  inaccessible. 

The  concept  has  been  applied  in  remote  fiber  fluorescence 
determination  by  Tomas  Hirschfeld  of  Lawrence  Livermore  Na- 
tional Laboratory.     Remote  fiber  optics  fluorimetry  has  been 
demonstrated  over  a  0.2  km  (101)   and  longer   (102)  path 
lengths.     Techniques  utilizing  the  pressure-induced  phase 
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shift  in  coherent  light  transmitted  through  an  optical  fiber 
have  also  been  demonstrated  (103) .  A  fiber  optic  acoustic 
sensor  may  be  inserted  in  the  sample  solution  contained  in  a 
cell  of  any  material  and  without  any  optical  window  before 
the  sample  is  cooled  down  and  frozen  to  low  temperatures.  If 
the  frozen  matrix  consists  of  white  snowlike  microcrystals, 
as  in  the  case  of  Shpol'skii  n-alkane  matrices,  excitation 
light  (photons)  transmitted  off  the  immersed  fiber  tip  are 
trapped,  scattered  and  re-scattered  within  the  "snow" 
(Figure  4  7)  .  Despite  backscatter  into  the  optical  fiber  to 
some  extent,  much  more  incident  photons  will  bounce  into  a 
guest  PAH  molecule  in  the  snowy  polycrystalline  matrix, 
resulting  in  extensive  excitation,  as  compared  with  front 
surface  illumination.  The  acoustic  signals  generated  can  then 
be  picked  up  (sensed)  by  the  optical  fiber  which  may  have  a 
composite  structure  such  that  the  fiber  cladding  is  a  diff- 
erent elastic  material  of  optimal  elastic  modulus  from  the 
fiber  core  for  better  acoustic  sensitivity.  The  acoustic 
waves  are  guided  by  the  flexible  optical  fiber  (cladding)  to 
a  PZT  transducer  attached  at  the  other  remote  end.  In  this 
way,  remote- sensing  photoacoustic  spectroscopy  can  be 
performed  with  minimal  scatter  loss  of  laser  excitation 
irradiance. 
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Figure  47.     Fiber  optics  low-temperature  photoacoustic 
spectroscopy  in  frozen  Shpol'skii  matrices. 


APPENDIX  A 

FLUORESCENCE  EXCITATION  AND  EMISSION  PEAK  WAVELENGTHS 
OF  POLYNUCLEAR  AROMATIC  HYDROCARBONS  IN  N-HEPTANE  AT 
77  K 
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PAH 
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Peaks  (ran) 

Emission  Peaks  (ran) 
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Determined  by  conventional  fluorescence  spectrometry. 

Excitation  and  emission  maxima  are  given  a  relative  peak 
height  of  100%. 

c  ... 

Height  of  peak  as  percentage  of  height  of  excitation  or 

emission  maximum. 

Doublet. 

Triplet. 


APPENDIX  B 
HOMOGENEOUS  LINEWIDTH  AND 
HOMOGENEOUS  AND  INHOMOGENEOUS  BROADENING 

Homogeneous  Linewidth  and  Broadening 

Homogeneous  linewidths  have  been  measured  by  means  of 
photochemical  hole-burning.  The  homogeneous  excitation  line- 
width  of  the  0-0  A2   (a  tautomeric  form  in  one  type  of  site) 
line  (X=6147.8  8)  of  the  S^Sq  transition  of  free-base 

porphyrin  in  an  n-octane  matrix  at  4.2  K,  for  example,  was 

-4 

measured  to  be  24  MHz   (104) ,  which  is  ^10      of  the  corres- 
ponding inhomogeneous  width  (^100  GHz) .  There  is  a  qualit- 
atively different  behavior  for  the  different  sites.  The 
homogeneous  linewidths  for  some  sites  are  only  weakly  temp- 
erature dependent,  while  for  the  other  sites  they  increase 
rapidly.  Extrapolations  to  T=0  seem  to  converge  to  the  same 
value  of  homogeneous  linewidth  T   (-9  MHz)   that  compares 
favorably  with  the  linewidth  (9.4  MHz)  corresponding  to  the 
decay  time  of  the  S^  state.  This  suggests  that  the  homogeneous 
linewidth  of  the  0-0  transition  of  S^«-Sq  at  T=0  is  entirely 
determined  by  the  spontaneous  decay  time  of  the  emitting 
state,  without  any  other  relaxation  contribution.  At  T>0, 
phase-destructive  events,  which  do  not  contribute  to  the 
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decay  time,  lead  to  a  temperature-dependent  line  broadening. 

By  contrast,  in  some  systems,  such  as  tetracene  and 
pentacene  in  p-terphenyl,  and  pyrene  in  biphenyl,  dephasing 
processes  other  than  decay  processes  are  present  even  at 
T=0  (105) . 

Two  kinds  of  dephasing  processes  (i.e.,  couplings  to  low 
frequency  vibrational  modes)  can  be  present  (104) : 

(a)     absorption  of  a  single  vibrational  mode  to  a  low 
lying  vibronic  state,  arising  from  a  coupling 
between  electronic  states  and  rotational-transla- 
tional  motion  of  the  guest  molecule  in  the  host 
lattice  (viz.,  electron-phonon  coupling).  In  this 
case,  the  temperature  dependence  of  the  homogeneous 
linewidth  r   (MHz)   is  given  by 

T(T)  -  T(0)  =  r1{exp(hu)1/kT)-l}"1  (17) 

where    T  =  temperature  (K) 

I",  =  coupling  constant  containing  the  average 

electron-phonon  coupling  strength  (MHz) 

-34 

h  =  Planck  constant/2iT  =  1.05  x  10  Js 


wl 


=  frequency  of  thermally  excited  mode(s) 


(s-1) 


-23  -1 

and    k  =  Boltzmann  constant  =  1.38  x  10        JK  ; 
(b)     quasi-elastic  scattering  of  a  vibrational  mode. 

The  temperature  dependence  of  the  linewidth  is  of 
the  form 
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T(T)  -  r  CO)  =  r2H(w2)  {n(w2)+l>  U8) 

where  n(u2)  =  { exp (hw2/kT) -1}  1 

r2  =  coupling  constant  for  the  scattering 
process  (MHz) 

and        w2  =  mode  fre<3uency  (s  1)  • 
The  difference  in  behavior  of  the  different  sites  arise 
mainly  from  a  difference  in  the  strength  of  the  coupling  to 
the  low  frequency  modes.  The  nature  of  the  low  frequency 
modes  involved  is  not  known;  they  may  arise  from  the  coupling 
of  rotational  and  translational  modes  of  the  guest  molecule 
to  the  motion  of  the  host  molecules.  There  is  also  no 
experimental  proof  that  the  dephasing  must  occur  via  a  single 
vibrational  mode. 

Homogeneous  linewidths  (=(ttT2)"1)  of  the  origins  of 

■^B,  *■  A,     transitions  have  also  been  calculated  from 
2u  lg 

coherence  lifetimes  (or  transverse  relaxation  times)  T2  (s) . 
T2  can  be  calculated  from  photon-echo  relaxation  measurements 
(106) .  In  optical  phase  relaxation,  the  echo  relaxation  (or 
phonon  resonance)  rate  is  derived  as 

T2_1  =  l/2Tlf  +  I   (l/2xi)exp(-AEi/kT)  (19) 

where         Tlf  =  fluorescence  lifetime  of  the  excited  state 
and  AE^,  x^  =  energy  and  lifetime,  respectively,  of 
the  resonant  phonons  in  either  the 
ground  or  excited  state  (J,  s) . 
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At  very  low  temperatures  (1.5  K) ,  therefore,  T2  is  expected 
to  converge  to  2Tlf,  and  thus  the  homogeneous  linewidth  is 
only  determined  by  the  spontaneous  fluorescence  decay  of  the 
upper  state . 

The  homogeneous  width  of  a  purely  electronic  line  (of 
the  order  of  10~3  cm      at  vL.5  K)  is  considerably  less  than 
the  homogeneous  width  of  a  vibronic  line  (1  -  5  cm    ) , 
because  of  the  vibrational  sub-levels  and  their  increased 
level  widths  in  the  vibronic  states  (86) . 

Inhomogeneous  Broadening 

Electronic  (absorption  and  luminescence)   spectra  of 
organic  molecules  in  condensed  phase  generally  exhibit 
inhomogeneous  optical  line-broadening  due  to  site-distribution. 
The  differences  in  the  local  environments  for  individual 
molecules  in  a  solid  solution  lead  to  the  statistical  scatter 
in  their  spectral  positions,  and  the  summation  of  many 
optical  bands  of  this  type  gives  a  broad  structureless  band 
(usually  100  -  300  cm"1)    (86) .  The  inhomogeneous  width 
exceeds  the  homogeneous  width  generally  by  several  orders  of 
magnitude  (at  T=0)    (104) .  In  cases  of  extreme  optical  line- 
broadening,  Av   (inhomogeneous  width)   -  500  cm  1   (17) . 
Emissions  from  " subsites"  of  an  inhomogeneously  broadened 
Shpol'skii  quasi-line  has  been  resolved  by  tuning  the  laser 
to  different  parts  of  the  corresponding  Sq-»-S^  absorption 
line  (i.e.,  site  selection  spectroscopy)    (17).  The  multiplet 
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fluorescence  structure  due  to  energetically  inequivalent 
impurity  sites  is  characteristic  of  Shpol'skii  matrices;  in 
glasses,  low  temperature  I'M  k)  electronic  molecular  spectra 
are  more  severely  broadened  due  to  site  inhomogeneity  so 
that  the  FWHM's  of  vibronic  bands  are  ^200  cm  1   (37) . 

Assuming  a  Lorenztian  profile  for  homogeneous  lines, 
that  the  shape  of  the  0-0  lines  in  the  fluorescence 
excitation  and  emission  spectra  is  almost  Gaussian  (at  1.5  - 
4.2  K)   indicates  that  the  lines  are  inhomogeneously 
broadened  (104) .  The  widths  of  inhomogeneous  lines  depend  on 
the  cooling  rate;  the  lines  in  slowly  frozen  (6  hr)  samples 
have  about  half  the  widths  of  those  in  quickly  frozen  (5  min) 
ones.  Moreover,  hole-burning  (molecules  photochemically 
transformed  into  their  tautomers)  in  a  0-0  excitation  line 
at  4.2  K  (and  the  width  of  the  hole  being  limited  by  the 
laser  bandwidth  (MJ.7  cm"1))  prove  that  the  zero-phonon 
lines  are  inhomogeneously  broadened  (and  that  the  homogeneous 
width  of  the  0-0  transitions  at  4.2  K  must  be  less  than  1 
cm"1) .  Hole-burning  occurs  (at  low  temperatures)  because 
molecules  absorbing  light  at  one  part  of  the  inhomogeneous 
profile  (i.e.,  corresponding  to  one  homogeneous  line)  are 
not  in  communication  with  those  at  another  part  (corres- 
ponding to  another  homogeneous  line) . 

Inhomogeneous  broadening  is  of  importance  at  suffic- 
iently low  temperatures.  At  77  K,  however,  the  shape  of  the 
0-0  lines  is  intermediate  between  Gaussian  and  Lorenztian 
(104) .  After  deconvolving  the   (temperature  independent) 
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inhomogeneous  part,  the  homogeneous  linewidths   (e.g.,  3.2 
and  4.3  cm"1)  at  77  K  are  seen  to  be  comparable  to  the 
inhomogeneous  widths  (8.0  and  5.1  cm"1,  respectively).  Hole- 
burning  is  no  longer  observed  at  77  K. 
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